Sale A, Berardi N, Maffei L. Environment and Brain Plasticity: Towards an Endogenous Pharmacotherapy. Physiol Rev 94: 189 -234, 2014; doi:10.1152/physrev.00036.2012.-Brain plasticity refers to the remarkable property of cerebral neurons to change their structure and function in response to experience, a fundamental theoretical theme in the field of basic research and a major focus for neural rehabilitation following brain disease. While much of the early work on this topic was based on deprivation approaches relying on sensory experience reduction procedures, major advances have been recently obtained using the conceptually opposite paradigm of environmental enrichment, whereby an enhanced stimulation is provided at multiple cognitive, sensory, social, and motor levels. In this survey, we aim to review past and recent work concerning the influence exerted by the environment on brain plasticity processes, with special emphasis on the underlying cellular and molecular mechanisms and starting from experimental work on animal models to move to highly relevant work performed in humans. We will initiate introducing the concept of brain plasticity and describing classic paradigmatic examples to illustrate how changes at the level of neuronal properties can ultimately affect and direct key perceptual and behavioral outputs. Then, we describe the remarkable effects elicited by early stressful conditions, maternal care, and preweaning enrichment on central nervous system development, with a separate section focusing on neurodevelopmental disorders. A specific section is dedicated to the striking ability of environmental enrichment and physical exercise to empower adult brain plasticity. Finally, we analyze in the last section the ever-increasing available knowledge on the effects elicited by enriched living conditions on physiological and pathological aging brain processes.
I. INTRODUCTION
The environment exerts profound effects on the brain. A large body of evidence shows that brain plasticity is strongly affected by exposure to stimulating environments, with beneficial consequences throughout the entire life span. We shall review the vast literature in this field outlining possible endogenous factors underlying the action of environment on brain plasticity.
This review is divided in six sections. In this first section, we introduce the concept of brain plasticity, presenting paradigmatic examples of experience-dependent neural plasticity and briefly outlining its general underlying mechanisms, to facilitate the discussion of environment action on plasticity factors later on in the review. We then introduce the concept of environmental enrichment and its nature, using classical examples from early studies and introducing the first documented effects on brain morphology and biochemistry. We then discuss the role of physical exercise as an essential component of environmental stimulation and the nature of enriched environment compared with naturalistic settings.
In the second section, we focus on the relationship between rearing conditions and brain development and plasticity, with particular attention to recent results obtained in the visual system model. We divide the survey of the literature in sections following the time course of development; wherever available, human data are included and discussed in parallel with the animal data. A specific section is devoted to the discussion of the literature on "enriching" the early environment in terms of tactile stimulation (massage) and on the effects of early environment in institutionalized children.
In the third section, we overview the effects of environment on brain plasticity in the adult. We survey both the litera-ture on cognitive outcomes of the living environment and the more recent effects of environment on sensory system physiology. A section is devoted to discuss the effects of enriching the environment on adult visual cortical plasticity, prompted by recent results on recovery from amblyopia. Wherever available, human data are included and discussed in parallel with the animal data.
In the fourth section, we review the human and animal literature on the effects and mechanisms of action of environmental stimulation on brain aging, with particular attention to cognitive decline with age and to age-related neurodegenerative dementia.
In the last two sections, we summarize the main concepts emerging from the review of the literature on the action of the environment on brain function and plasticity, and we underline possible open questions and future research directions.
A. Concept of Brain Plasticity
The word plasticity conveys the meaning of pliability and malleability. Indeed, we can define brain plasticity as the capacity of neurons and of neural circuits in the brain to change, structurally and functionally, in response to experience. This property is fundamental for the adaptability of our behavior, for learning and memory processes, brain development, and brain repair.
Experience is translated in patterns of electrical activity within neural circuits, and it is the pattern of electrical activity which drives the different forms of functional and structural plasticity, through the spatially and temporally coordinated action of specific cellular and molecular factors. Neural plasticity may involve changes in the efficacy of already existing synaptic contacts, formation of new synaptic contacts or elimination of existing ones, large-scale changes in dendritic or axonal arborization, and production or signaling of neuromodulators or neurohormones.
B. Paradigmatic Examples of Brain Plasticity
Brain plasticity is evident both during development and in adult, and even in the aging brain. Basic molecular mechanisms of brain plasticity seem to be conserved across the lifetime; however, there are clear differences in the extent and magnitude of plastic changes between the developing and the adult brain, linked to the existence of critical periods, and there are examples of brain plasticity subserved by age-specific factors and processes (e.g., Refs. 160, 304).
Developmental brain plasticity
During development, genes and environment cooperate in building the brain, with experience guiding the final maturation of neural circuit and neural functions. Experience can shape neural circuit development because developing neural circuits are highly sensitive to experience, and they exhibit high neural plasticity, particularly during "sensitive" or critical periods of early development (50, 137, 197, 246, 279) . Several classic examples of brain plasticity come from the study of processes governing development of sensory cortices. A common way to show the elevated plasticity of the developing brain and to investigate the underlying mechanisms has been to deprive a subject of experience in one sensory modality and to investigate what effects this has on sensory development. Visual cortex development has been the prime model to study experience-dependent plasticity and, since Wiesel and Hubel (526) first demonstrated that depriving one eye of vision in developing kittens (monocular deprivation, MD) caused dramatic changes in the proportion of cortical neurons driven by the deprived eye, MD has been one of the most exploited tools to probe cortical circuit plasticity. Many neurons in the visual cortex are binocular, i.e., receive input form both eyes, and exhibit different degrees of dominance from either eye, a property called ocular dominance (OD). MD, because of the alteration it causes in the pattern of electrical activity impinging onto visual cortical neurons, determines a massive shift in the OD distribution in favor of the nondeprived eye and a reduction of binocular neurons, accompanied by well evident structural changes, namely, small-and large-scale remodeling of synaptic connectivity on visual cortical neurons. Both functional and structural changes are driven by an activity triggered cascade of intracellular and extracellular factors (160, 202; see Refs. 198, 492 for review). At the level of visual perception, MD causes a strong reduction of visual acuity for the deprived eye and a loss of binocular vision (51) . Thus, because of experience-dependent plasticity, the brain of a monocularly deprived animal is functionally and structurally different from the brain of a normal animal. This notion has been recently strengthened by the evidence that MD causes a specific increase in spine density in the visual cortex, and this increase persists even after normal binocular vision is restored, allowing complete functional recovery (207) . This different brain is then differently affected, with respect to that of a normal animal, by a subsequent MD episode performed several weeks after the first (208) : through structural plasticity, experience has left a trace which changes the way by which the brain responds to further experience.
OD plasticity has been shown to be maximal during a well-defined critical period and then to decline gradually, with different time courses in different species (see Ref.
50 for review). Its developmental time course is tightly controlled by cellular and molecular factors and in particular by development of intracortical inhibition (seeof synaptic plasticity. While MD during the critical period first induces a long-term depression (LTD) of the deprived eye response, which is then followed by a delayed experience-dependent potentiation of the fellow eye, only the latter phenomenon does actually underlie OD plasticity in the adult (160) .
Lack of experience in a sensory modality does not affect only the deprived sensory system: there is clear evidence for a crossmodal plasticity. As an example, the visual cortex of early blind, but not of sighted, subjects is activated during tasks of auditory localization, verbal memory, or Braille reading, in parallel with a better performance with respect to sighted subjects. If visual cortex activity is disturbed by trascranial magnetic stimulation (TMS) during these tasks, performance deteriorates in blind, but not in sighted subjects, showing that visual cortex activity is necessary for auditory localization, verbal memory, and Braille reading in the formers; this crossmodal plasticity underlies behavioral adaptation after sensory deprivation and relies on plastic changes in synaptic connectivity within and between cortical areas (see Refs. 38, 329) . Again, different experience, different brains.
It has to be underlined that, in shaping the developing brain, experience continuously interacts with genetic information so that the final phenotype is the combined work of the individual genotype and the individual experience. As a consequence, much as lack of visual experience prevents visual cortical development, genetic mutations resulting in loss of function of proteins important for experience-dependent plasticity prevent visual experience from correctly guiding visual development (see, for instance, Ref. 51) . The relation between gene and experience is, however, deeper than this. Genetic factors have been shown to interact with environmental factors, both at pre-and postnatal level, and it is the dynamic interaction between genes and environment which ultimately shapes the phenotype. As an example, which will be extensively dealt with in section II, exposure to early stress, such as peer rearing (rearing only with siblings in absence of the mother), produces an exaggerated response to stress later in life only in rhesus monkeys carriers of the short/long genotype for the serotonin transporter gene promoter, and not in animals with the long/long phenotype (81) . It has to be noted that in animals reared with their mothers there is no difference between genotypes in response to stress (34) . Therefore, neither the environment Development of inhibition FIGURE 1. Developmental increase of brain GABAergic inhibition levels (normalized to the normal adult values; cyan curve) is paralleled by a progressive reduction of experience-dependent plasticity. Plasticity is high during early development (green block) and very low in the adult brain (yellow block). Anomalous increases in the strength of inhibitory neural circuits may lead to overinhibition linked to developmental intellectual disabilities (pink block), characterized by deficits in synaptic plasticity and neural development, like in Down's syndrome. Reducing GABAergic inhibition with either pharmacological or environmental treatments can increase plasticity in the adult brain, under both physiological and pathological conditions. VPA, valproic acid; MPA, mercaptopropionic acid.
(rearing condition) nor the genotype alters per se the response to stress: it is only the combination of genes and environment that brings about a different phenotype. A strong interest has been shown for the assessment of geneenvironment interactions (G ϫ E) in the development of disorders, such as development of antisocial behavior or depression in humans (see Ref. 81 for review).
Adult brain plasticity
Examples of neural plasticity in the adult brain are those underlying learning and memory processes or those following a deafferentation or lesion of cortical areas. When we learn a new motor or perceptual ability or form a spatial map of a new town which allows us to navigate within it or develop a fear response to a stimulus which occurs in connection with a harmful one, plastic changes of synaptic efficacy take place in neural structures belonging to the memory system specific for that form of learning and memory, such as, for instance, sensory cortices for perceptual learning, hippocampus for spatial memory, and amygdala for fear conditioning (320, 341, 471) .
In fear conditioning, the temporal coincidence onto neurons in lateral amygdala (LA) of the arrival of sensory inputs relative to the initially emotionally neutral stimulus, the conditioned stimulus, and of inputs relative to the emotionally strong harmful stimulus, such as an electric shock, determine a long-term change in synaptic efficacy that enhances the response of LA neurons to the conditioned stimulus. This change is then able to trigger a fear response (see Ref. 224) : the tone is no longer neutral; it evokes a negative feeling, a feeling of fear. The change elicited at neural circuit level and involved in the emotional response may remain for many days, as will the reaction of fear to the tone. Thus a specific experience has caused a plastic change in a specific neural circuit, and this is the reason why experience has modified the subject's behavior. While in the reported example a long-lasting potentiation of synaptic transmission is involved, that is a long-term potentiation (LTP) process, in other cases, experience causes a long-lasting decrease of synaptic efficacy, a LTD phenomenon. LTP and LTD are both thought to be critically involved in learning and memory processes (99, 320) .
Fear conditioning offers the opportunity to observe another example of developmental change in brain plasticity: fear memories are more easily erased in young than in adult animals (238) , and this might be linked to a change in the composition of extracellular matrix in the amygdala (176) . Interestingly, the factors involved in the regulation of this critical period of emotional memory, the chondroitin sulfate proteoglycans, are the same factors contributing to the closure of OD critical period (393) . This suggests that basic mechanisms of plasticity control are shared by different brain areas. Another consideration is important. While the acquisition of conditioned fear responses may have an adaptive role in promoting the safety of an individual, it may also underlie the acquisition of intrusive fear memories, as in the case of posttraumatic stress disorder (194) . Fear conditioning is indeed largely exploited as a model to investigate the bases of emotional memory formation and regulation, and has been recently used to propose a new strategy to "rewrite" emotional memories, thus preventing the return of fear responses (451).
C. Maladaptive Plasticity
As well illustrated by the example of fear conditioning, neural plasticity is in itself neither good nor bad: it follows its rules toward structural and functional changes in connectivity, allowing experience to change our brain. If the outcome of the changes favors adaptive responses of the individual, we talk of adaptive plasticity. We have, however, examples of maladaptive plasticity, such as the development of a painful phantom limb after cortical deafferentation following limb amputation (150) , which relies on mechanisms similar to those underlying cortical remapping after lesion, or the development of vulnerability to stressrelated illnesses following cocaine assumption, which relies on epigenetic mechanisms (104) . It is up to research to find the best ways to harness and guide neural plasticity towards adaptive and not maladaptive outcomes.
D. Mechanisms of Neural Plasticity
Synaptic plasticity is the major component of neural plasticity. The existence of synaptic plasticity in response to the pattern of electrical activity has been postulated by Canadian psychologist Donald Hebb, who thought it might underlie associative learning. He introduced the concept that the pattern of electrical activity is important to induce plastic changes in synaptic efficacy, and in particular the notion that the presence of a correlated activity between pre-and postsynaptic neurons promotes the potentiation of synaptic transmission; as a corollary, decorrelated activity promotes depression of synaptic transmission (472) . In Hebb's statement, it is already present also the notion that synaptic plasticity involves both functional and structural changes. Homosynaptic LTP at excitatory synapses consists indeed of a prolonged increase in synaptic efficacy which involves both functional and structural modifications of synaptic contacts and is induced by repeated bouts of correlated preand postsynaptic activity. The temporal requirements for the pattern of pre-and postsynaptic activity has been now refined, since several studies have shown how synaptic efficacy can be increased (LTP) or decreased (LTD) according to the relative spike timing and firing rate of pre-and postsynaptic neurons (spike-timing-dependent plasticity) (55, 125, 181, 301, 310, 352, 461) . Also, the level of previous activity in the circuit affects the probability that a given change of activity in the same circuit induces LTP rather than LTD (114) .
Non-Hebbian forms of synaptic plasticity have also been observed: for instance, monocular neurons in the visual cortex responding exclusively to the deprived eye actually increase their responsiveness following MD (115, 343) as if they were trying to preserve their original drive. Therefore, in addition to plastic changes driven by synapse-specific electrical activity which follow hebbian rules, there seem to be forms of global feedback plasticity aimed at preserving neuronal total excitatory drive.
LTP and LTD have been observed in many brain areas, both cortical and subcortical (59, 306) . The sequence of events leading to induction, expression, and consolidation of longterm changes of the LTP and LTD type has been recently reviewed (59, 99, 224, 286) . The first step, the trigger for induction of LTP and LTD at glutamatergic synapses is, in most cases, dependent on the activation of glutamate Nmethyl-D-aspartate receptors (NMDARs), which have classically been thought of as coincidence detectors of pre-and postsynaptic activity (215, 307) . Activity of inhibitory inputs is also important for synaptic plasticity induction, since it will both regulate the pattern of activity in the circuit and the activation of NMDAR (see Ref. 197 ).
The opening of NMDARs during the induction of LTP leads to calcium entry that triggers a biochemical cascade involving intracellular kinases such as extracellular signal regulated kinase (ERK), cAMP-dependent protein kinase (PKA), calcium-calmodulin kinase type II (CaMKII), the end product of which are the first, rapid post-and presynaptic effects towards the expression of synaptic potentiation, which include potentiation of the 2-amino-3-(3-hydroxy-5-methyl-isoxazol-4-yl)propanoic acid (AMPA) receptor-mediated excitatory postsynaptic currents (EPSC) (15, 224, 286, 306) . The resulting Ca 2ϩ transient determines the polarity of the induced plasticity, with low and prolonged Ca 2ϩ transients inducing LTD and brief, steeper transients inducing LTP (see Ref. 59) . A crucial step towards consolidation of long-term changes of synaptic efficacy is the synthesis of new proteins, either from existing mRNA (288) or following the activation of transcription factors such as the cAMP-responsive element-binding protein (CREB) by intracellular mechanisms mediated by kinase signaling (252, 276, 299) . This allows local morphological modifications in synaptic contacts, for instance, at the level of dendritic spines, and provides consolidation of changes in synaptic efficacy. Neurotrophic factors such as the brain-derived neurotrophic factor (BDNF) are also strongly involved in expression and consolidation of synaptic plasticity (see Ref. 540 for review).
The presence of structural changes at synaptic sites has suggested the involvement of modifications of extracellular matrix (ECM) in synaptic plasticity. Indeed, ECM molecules regulate various aspects of synaptic plasticity (123, 394) , and proteases acting on ECM molecules are involved in hippocampal LTP (25) and in visual cortex plasticity (197, 470) .
It is important to underline that neuromodulators such as norepinephrine, acetylcholine, dopamine, or serotonin, which reflect the level of arousal, motivation, attention, affection, and emotion of a subject, are strongly involved in the induction and maintenance of synaptic plasticity (see Ref. 186 for a review). Striking examples from the visual system include the work by Bear and Singer (39) showing that OD plasticity in kittens is disrupted by pharmacological manipulations that simultaneously destruct cortical noradrenergic and cholinergic innervations, and by Dan studies (175) demonstrating that stimulation of the rat nucleus basalis decorrelates local cortical neuron responses via activation of muscarinic acetylcholine receptors, improving cortical representation of natural stimuli. An essential instructional role of the nucleus basalis has been also shown by Kilgard and Merzenich (237) for the reorganization of primary auditory cortex responses in the rat.
Finally, a crucial role in the consolidation of long-term neural plasticity is played by epigenetic mechanisms, including histone acetylation, which regulate gene expression (see Ref. 474 for review). For instance, mice with deficient histone acetylation activity exhibit induction but not maintenance of hippocampal LTP (8) . Epigenetic processes are now thought of as mechanisms through which environmental dynamic experiences are inscribed on a fixed genotype, producing a stable alteration of the phenotype; as an example, which will be taken up again in section II, levels of maternal licking and grooming experienced by rat pups during the first days of life produce long-term effects on the feedback control of the HPA axis, an effect which involves the neuromodulator serotonin, thus programming anxietylike behavior of pups once they become adult (see Ref. 328) . In this case, the neural plastic event, i.e., memory of the experience, is due to epigenetic changes in the transcriptibility of the gene for the glucocorticoid receptors in hippocampal neurons, which modifies the response of the HPA axis to circulating glucocorticoids (518) .
E. Adult Neurogenesis and Neural Plasticity
hippocampal adult neurogenesis can be considered a form of activity-dependent brain plasticity, in which new neurons, and not just new synaptic connections, are added to neural circuits (229) . The role of adult neurogenesis in hippocampus-dependent learning and memory is still under investigation (see Refs. 5, 6, 127, 434) , and its relation with enriched environment will be dealt with in sections III and IV. The current proposal is that hippocampal neurogenesis might subserve specific aspects of memory formation and in particular that DG is responsible for separating memories that are formed in the hippocampus, for encoding temporal context, and for separating and differentiating between overlapping contextual representations (6, 7, 435, 436) .
F. Concept of Enriched Environment
As introduced above, a quite direct approach to investigate the influence of experience on the brain is to manipulate the pattern of environmental stimulation to which animals are exposed. However, the possibility to quantify and measure environment-induced changes in the brain is relatively recent, dating back to the early 1960s, when the brain ceased to be considered as immutable and new experimental approaches were introduced to investigate the effects of experience on the brain. In parallel with the experiments performed by Hubel and Wiesel on the effects of MD on the anatomy and physiology of the visual cortex (525) , fundamental contributions to the study of experience-dependent brain plasticity processes came from the introduction of the environmental enrichment (EE) paradigm by Rosenzweig and colleagues. These authors showed that exposure to EE dramatically affects brain morphology, chemistry, and physiology and elicits remarkable plastic responses ranging from molecular to anatomical and functional changes (for review, see Refs. 118, 424, 507) .
Originally defined as "a combination of complex inanimate and social stimulation" (426) , EE consists of wide and attractive cages where the animals are reared in large social groups and in the presence of a variety of stimulating objects that are regularly changed and substituted with others to stimulate explorative behavior, curiosity, and attentional processes. An essential component of the EE procedure is sustained voluntary physical exercise elicited by the presence of one or more running wheels. Thus EE definition is based on the comparison with alternative rearing conditions, such as the standard condition (SC), in which the animals are reared in small social groups and in very simple cages where only nesting material, food, and water are present, and the so-called impoverished condition (IC), in which social interactions are totally prevented because the animals are reared alone in individual cages, otherwise similar or even poorer than those used for SC. One of the most diffuse criticisms to the EE approach is that, since it may appear as a way of rearing the animals in a seminaturalistic setting more similar to the wildlife, its beneficial effects might not be real improvements in brain plasticity and function, but functional restorations to a physiological condition from deficits caused by the deprived setting imposed to laboratory animals. This critique has been present since the first studies on EE effects, and the first attempt to address it has been directed to assessing whether a laboratory-enriched setting could be considered a naturalistic environment. In a series of studies specifically aimed at addressing this issue (reviewed in Ref. 423) , the Berkeley group found that laboratory rats living in a seminaturalistic outdoor setting for 1 mo had greater cortical development than their littermates reared in enriched laboratory cages, suggesting that even an enriched environment may still be relatively impoverished with respect to wildlife conditions, and that plasticity in response to stimulation does not reach saturation in a typical EE setting. The same conclusion was not true for ground squirrels, for which no differences were found in the weights of cerebral cortex between enriched and outdoor living animals. This species-specific effect underscores the need for further clarifications about the exact nature of the EE approach and does not allow to reach a definite conclusion. Reflections on the intrinsic nature of EE have continued throughout the years, and we would like here to present three arguments in favor of a specific action of EE, independently of its relationship with naturalistic outdoor conditions. First, as clearly stated by Mark Rosenzweig, the founder of the EE approach, it is unclear, for inbred laboratory animals, what exactly their natural environment can be, since laboratory rodents have been maintained for hundreds of generations in artificial enclosures, with a parallel genetic drift responsible for main differences in their gene pool with respect to the natural populations (423) . Second, we recently underscored that, differently from a pure naturalistic condition, enriched animals are totally free to choose when and how much to experience the environmental richness, without contingencies and risks typically associated with living in the wild (437) . Thus EE may provide the animals with a challenge-free space in which to train themselves in something more similar to a well-equipped gym or playroom. Third, as will hopefully become clearer in the following of this survey, increasing the quality and intensity of stimuli has remarkable beneficial effects also in humans, who typically do not experience impoverished living conditions. On the basis of these considerations, it is our opinion that the conclusion by which EE is just a way to reproduce more natural life conditions may not be appropriate.
Compared with other experimental paradigms based on a sensory deprivation approach (e.g., MD), EE appears as a rather mild treatment that gives one the opportunity to perform studies "for optimization" rather than "for alteration or reduction" of sensory experience. However, given the complexity and variability of the conditions adopted, concerns can be raised about a possible lack of standardization affecting EE experiments and their reproducibility.
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This issue has been directly addressed in an elegant study in which distinct inbred strains of mice exhibiting well-known differences in behavioral tasks typically used in drug screening and behavioral phenotyping have been tested after a period of rearing in either SC or EE and in three different independent laboratories (533) . EE was found to improve behavioral performances of each strain to the same extent in all laboratories, maintaining the expected behavioral differences between them, and in no case was the within-group variability of enriched animals increased with respect to the SC group. These results underscore the possibility to employ the EE protocol as a precise experimental treatment without the risk to obtain conflicting data in replicate studies, but the quoted study remains an isolated case of standardization attempt. Indeed, as will become clear in the following sections, differences concerning animal gender, age at EE onset, and EE duration and specific object setting are often evoked as a likely explanation for discrepancies and conflicting results; however, the possibility to use EE as a tool to investigate the impact of environment on brain health and plasticity is not jeopardized by these discrepancies, which only call for a more diffused practice of detailed description of EE protocols and standardization attempt.
The first studies on EE effects on the brain concentrated on anatomical, morphological, and biochemical effects (for review, see Refs. 118, 424, 507) . Over the years, however, it has become clear that EE can exert powerful effects on neural plasticity, determining a conspicuous enhancement, for instance, of hippocampal synaptic plasticity and hippocampal-dependent learning and memory processes in adult animals (see Ref. 507 for review). It also emerged quite soon that EE affects almost all main factors involved in long-term synaptic plasticity, including NMDA receptors, inhibitory circuitry, intracellular kinases, transcription factors, neurotrophic factors, neuromodulators, epigenetic factors, and hippocampal neurogenesis (305, 309, 408, 409, 437, 507) .
We will see in the following sections how extensive EE actions on brain plasticity are, and we will discuss the underlying mechanisms. We have dedicated section II to EE effects on brain development and developmental plasticity, section III to EE impact on adult brain plasticity, and the last section to the influence exerted by EE on the aging brain.
As will appear clear, most EE effects are common to those found in animals reared in standard cages where increased levels of physical exercise are possible thanks to the presence of a running wheel or a treadmill. Physical activity improves cognitive functions (84, 151, 256 ; for review, see Ref. 95 ), decreases HPA axis responsiveness (75, 358) , attenuates motor deficits (243) , increases angiogenesis (58, 218, 234) , and enhances neurotrophin expression in the brain (140, 225, 244, 287, 312, 350, 362) . Thus sustained physical exercise and EE can share common final pathways of cellular and molecular events, making it difficult to disentangle the relative contribution given by the exercise component present in the enrichment protocol, although early evidence has been provided that EE including enhanced motor activity is more effective than exercise alone in enhancing memory functions (53) . However, more direct comparisons between running and enriched groups are needed to shed light on these processes, and to date, the principal outcomes of EE have not been clearly dissociated from an increase in voluntary motor behavior or exercise characterizing the enriched living condition (see Ref. 507) .
II. ENVIRONMENT AND BRAIN DEVELOPMENT
In this section, we review the literature on the effects of environmental rearing conditions on brain development. We will start with a short survey of the impact of prenatal enrichment, to follow with a review of the influence exerted by exposure to EE in the preweaning period and by the impact of different amounts of maternal stimulation on brain development. Particular attention will be paid to recent results obtained in the visual system model. The section will end with two key examples of the profound impact that the environment can have not only on a physiological brain developmental course, but also when brain functioning is compromised due to the presence of genetic syndromes leading to developmental intellectual disabilities.
A. Prenatal Effects of Environment
During embryonic and fetal development, activation of orchestrated chains of genes is the prime driving force directing central nervous system maturational processes. Despite the overwhelming impact of this genetic control, the external stimuli have a strong influence on the developing structures, with the environment experienced by the mother exerting substantial effects on the intrauterine milieu, altering fetal organogenesis in a period of high susceptibility to external changes.
One obvious source of alteration is the maternal intake of food and pharmacologically active substances, or the development of illnesses and the exposure to environmental toxins and pollutants (476, 483) . In addition to these strong and very direct modulators of fetal physiology, more subtle variations in the quality of environmental stimulation may also significantly affect the course of the ongoing developmental processes in the fetus. On the one hand, prenatal stress has a deleterious impact on fetal development (reviewed in Refs. 91, 174, 345) . In humans, potential factors leading to prenatal stress include external sources impinging on the mother, such as exposure to major natural disasters, loss of the husband, divorce, serious illness or death of a relative or friend, or internal sources, such as maternal disorders during pregnancy, anxiety, and depression. Thus the term stress is used here in its widest and most generic meaning, as every factor possibly leading to a strong and prolonged activation of the hypothalamic-pituitary-adrenal axis (HPA).
In humans, the severity of prenatal stress effects is likely dependent on a number of variables, including the proportion and persistence of the stressing agents and the individual maternal genotype and history that can affect resilience to stress (81, 433) . This obviously introduces a strong factor of variability in epidemiological studies on the consequences of prenatal stress on the fetus; however, the literature consistently points to an increase in the risk of a number of adverse events under conditions of prenatal stress with respect to physiological pregnancies: among these events are fetal structural malformations leading to unexpected death, spontaneous abortion, preterm birth, and lower weight at birth (248) , together with an increased probability to develop infantile spasms (454) . These early effects are followed by long-term behavioral abnormalities (520) , with retrospective studies relating prenatal maternal stress with several forms of severe psychopathology, including schizophrenia, depression, and anxiety (516, 536) . Clinical evidence in humans is confirmed by a vast literature in animal models showing that stress during pregnancy is linked with growth retardation, morphological malformations, and alterations in motor development (46, 180) , with significant behavioral deficits at adult ages, including anxious behaviors, social abnormalities, and impaired cognitive functions (164, 294, 398, 477) .
The deleterious effects elicited by prenatal stress are thought to be strictly dependent on increased levels of circulating stress hormones in the fetus, produced by the mother under stressful conditions and crossing the placenta barrier (345) . Even if some mechanisms exist that protect the fetus from maternal cortisol (especially in the human fetus), with the glucocorticoid metabolizing enzyme 11␤-hydroxysteroid dehydrogenase type 2 (11␤-HSD2) acting in the placenta and in the fetal blood as a barrier for dangerous increments, the protective action of 11␤-HSD2 may be bypassed, with an overload of glucocorticoids in the fetus escaping the inactivating mechanisms (536) . Abnormal amounts of circulating stress hormones may eventually impact on key mediators of neural system development, like the neurotrophin BDNF, thus resulting in long-lasting alterations of synaptic plasticity (539) .
On the opposite side of a continuum for the quality of environmental stimuli, EE during pregnancy may induce striking beneficial effects on human fetal development (400) . In 2002, the American College of Obstetrics and Gynecologists recommended at least 30 min of moderate exercise during pregnancy on most days of the week as a way to promote benefits for the mother, fetus, and future newborn (2) . In addition to well-recognized beneficial effects on amniotic fluid, placenta viability and body fat deposition (see, for instance, Refs. 97, 212) , there is also an increasing number of studies documenting general neurodevelopmental benefits for the child deriving from maternal exercise during pregnancy. Among the available evidence, some exciting effects concerning increased Apgar scores and improved sensory and cognitive abilities in 5-yr-old children deserve particular attention (97, 190) .
These effects in humans might be explained by data obtained in animal models: indeed, voluntary exercise in pregnant rats positively affects fetal growth (422) , and the hippocampus of pups born from physically exercised mothers displays increased expression of BDNF and increased proliferation of progenitor cells in the granule layer (56, 374) . Moreover, high levels of maternal physical exercise during pregnancy have long-lasting effects on the offspring, enhancing their cognitive abilities at very early and older postnatal ages (274, 374) and providing protection from neurodegeneration in old age (200) . Similar effects have been also found in the offspring of rats exposed to EE during pregnancy, which in addition display, when they reach adult ages (250) , signs of increased synaptic elaboration and complexity in the hippocampus, such as higher expression of the neural cell adhesion molecule (NCAM) and of the major synaptic protein synaptophysin (3) . A strong impact of maternal enrichment on fetal development has been also documented by our group in the visual system, with prenatally enriched fetuses displaying faster dynamics of neural progenitor migration and spontaneous apoptosis in the retinal ganglion cell layer, an effect mediated by the insulin-like growth factor I (IGF-I) (440) . We proposed a model in which sustained physical exercise during pregnancy increases IGF-I in enriched mothers, promoting an increased placental transfer of nutrients to the fetus; this would in turn lead to larger amounts of IGF-I autonomously produced by the fetus (153) , resulting in the accelerated development detectable at the retinal level.
B. Influence of Maternal Care and Preweaning Environmental Enrichment on Brain Development

Influence of maternal care
Experiences acquired between birth and weaning are essential in promoting and regulating the neural development and the behavioral traits of the newborn in rodents and primates (149) . During this critical period of high developmental plasticity, maternal influence can be considered one of the most important sources of sensory experience for the developing subject (206, 289, 421) , regulating physical growth and promoting neural maturation of brain structures involved in cognitive functions (149) . This issue has SALE, BERARDI, AND MAFFEI been intensively studied in laboratory rodents, in which maternal behavior consists of stereotyped modules that can be easily investigated and manipulated in controlled experimental conditions.
One of the best-characterized effects of maternal influence is the development of stress responses exhibited by the offspring when they become adult (for authoritative reviews, see Refs. 147, 156) . The neuroendocrine response to stressors strictly depends on the activity of the HPA axis, which is under the inhibitory control of the hippocampus. Under stressful conditions, two neuronal populations located in the paraventricular nucleus of the hypothalamus and in the central nucleus of the amygdala liberate the corticotropinreleasing factor (CRF), which in turn acts on adrenal glands eliciting the release of glucocorticoids, key mediators of the organism response to stress. A brief (3-15 min) period of daily maternal separation in rat and mouse pups (a treatment called "handling") during the first two postnatal weeks decreases the magnitude of stress response in adulthood at both the behavioral and endocrine level (reviewed in Ref. 327) , while longer periods (3-6 h) of daily separation from the mother (a treatment usually called "maternal separation") elicit the opposite effect, enhancing the responses to stressor agents (262, 505) . Moreover, maternal separation has also been associated with increased susceptibility to disease and adult cognitive deficits (205, 361, 402) , while handled animals show, as adults, improved immune system function and a greater amplitude of LTP in the hippocampus (467, 529) . A strong relationship between early nurturance and stress modulation has also been reported in nonhuman primates (141, 372) .
The detrimental effects of maternal separation are thought to be a direct consequence of the long-lasting perturbation of the delicate relationship between the mother and the newborn, resulting in a reduction in the levels of maternal care experienced and in a remarkable stress for the developing pups, which display increasing glucocorticoid levels during the separation period, and suppressing cell responses to growth hormone, prolactin, and insulin, three major trophic hormones (257) . Even if the reaction displayed by separated pups can appear as a complex unified process, behavioral and hormonal changes do not act as a whole in response to the absence of the mother, but rather consist in a number of distinct modules under the control of specific thermal, tactile, and nutritional stimuli associated with the dam, which have been called "hidden regulators" of the infant physiology (204) . Among them, maternal licking and grooming behaviors directly regulate pup somatic growth through maintenance of appropriate levels of specific hormones, as exemplified by the reduced activity of ornithine decarboxylase (494) in separated pups. Ornithine decarboxylase is an enzyme that catalyzes the decarboxylation of ornithine, a product of the urea cycle, to form putrescine, a critical step in the synthesis of polyamines, which are in turn essential for stabilizing DNA structure. Interestingly, the detrimental effects of maternal separation are prevented by artificial procedures of pup stimulation resembling maternal licking behavior (377) .
While the mechanisms involved in the effects of maternal separation are well characterized, the beneficial outcome of handling raised a debate concerning the nature of the regulatory processes involved (see Ref. 156) . It has been proposed by Seymour Levine that changes in mother-pup interactions are at the core of the effects elicited by postnatal handling; in particular, it has been proposed that handled pups receive increased levels of maternal care with respect to undisturbed animals (for review, see Ref. 113) . This hypothesis turned out to be correct, as directly demonstrated by Meaney and collaborators, which showed that mothers of handled pups display enhanced levels of licking/grooming and arched back nursing, an active and particularly efficacious feeding posture (289) . This explains a point which might seem counterintuitive; that is why a brief separation from the mother elicits beneficial effects on pups: handled pups receive higher levels of maternal care. Further support to the idea that the main effects elicited by early postnatal handling are mediated by maternal behavior alterations stems from those studies comparing the behavior of adult animals that experienced different levels of maternal care during their first weeks of life. In the rat, there are large variations in maternal care levels naturally displayed by dams, making it possible to isolate subpopulations of mothers exhibiting high or low maternal engagement (for details, see Ref. 87) . It has been repeatedly demonstrated that the offspring of the most proficient mothers show reduced fearfulness and stress levels as adults, compared with those displayed by offspring born and cared by less attentive dams. Thus the offspring of mothers characterized by high care levels resemble, as adults, those subjected to handling during the first days of postnatal life (74, 290) . The longlasting consequences elicited by elevated amounts of maternal stimulation extend beyond physiological processes linked to stress responses, enhancing learning and memory abilities, promoting structural synaptic plasticity and increasing hippocampal BDNF (289, 464, 504) . Perhaps the most elegant proof of a causal relationship between maternal behavior and emotional and cognitive development in the offspring are the results of cross-fostering studies showing that the adult phenotype of a litter is strictly dependent on the amount of care provided by the adoptive mother, not by the biological one (156, 289) .
Parental separation in the form of isolate-rearing or peerrearing or alterations in the amount of parental care received during development due to early parental loss, neglect, or abuse exert a dramatic influence also in non-human primates, modulating adult vulnerability to stress-related psychopathology and leading to long-lasting impaired cognition (373) .
Another important behavioral trait under maternal behavior control is the maternal style exhibited by adult females, which typically resembles that of their care givers, both in rodents and in primates (148, 300) . In rodents, neural centers, like the medial preoptic area (MPOA) and the ventromedial nucleus of the hypotalamus, which are involved in the control of maternal behavior expression (357) , are particularly sensitive to the influence of maternal care experienced during the first week of life. It has been proposed that early life experience through maternal care stimulation can be the basis for a nongenomic characterization and transmission of individual differences in stress reactivity, cognitive functions, and maternal style across generations (148) .
Which are the biological bases for this powerful control driven by early experiences on brain and behavior? Considerable advances have been done concerning knowledge of the molecular mechanisms involved in the environmental programming of individual differences elicited by maternal behavior. Meaney and co-workers (518) have shown that differences in HPA response to stress displayed in adulthood by the offspring of highly or less active caring mothers depend on different amount of DNA methylation in the promoter of the glucocorticoid receptor (GR) gene in the hippocampus. DNA methylation at the level of cytosine residues (415) is a stable epigenetic mark in postmitotic cells strongly affecting levels of gene transcription, with hypomethylation being usually associated with active chromatin structure and transcriptional activity (235, 414) . Another crucial epigenetic mark is acetylation of NH 2 -terminal tails of chromatin histones, which is a direct regulator of chromatin structure and function and which undertakes a bilateral relationship with DNA methylation (107) . Although DNA methylation has been traditionally viewed as almost impermeable to postnatal environmental influences, Weaver et al. (518) showed that the hippocampus of the offspring raised by the most active mothers undergoes, during the first postnatal week of life, a process of demethylation at the level of the GR promoter, specifically inside the binding sequence for the NGFI-A transcription factor (518) . This difference in DNA methylation is long-lasting, rendering the sequence of GR gene promoter more accessible to transcription-factor binding and thus resulting in increased GR gene expression; this explains the typical phenotype of reduced stress response exhibited by rats that have experienced intensive maternal care levels during infancy, since the efficiency of the feedback control on the production of stress hormones is enhanced by the higher number of hippocampal GRs. DNA methylation levels in the brain can be also dramatically affected by maternal nutrient intake during pregnancy (reviewed in Ref. 321) , not only in rodents but, strikingly, also in primates (497) .
The discovery of an epigenetic regulation of GR gene expression has opened exciting possibilities of artificial manipulation of the neuroendrocrine response to stress in subjects exposed to early adversities. It has been shown that the methylation state of the GR gene promoter can be reversed in adulthood by injecting Trichostatin A (TSA), a compound inhibiting the mammalian histone deacetylase (HDAC) family of enzymes, leading to increased histone acethylation levels, into the brain (518) . TSA treatment of pups which received low levels of maternal care during the first postnatal days of life results in increased acetylation, reduced methylation, and enhanced expression of the GR gene, with a full normalization of the HPA response to stress. On the contrary, intraventricular injections of methionine, which is converted by methionine adenosyltransferase into the methyl donor S-adenosylmethionine (SAM), which is in turn known to stimulate methylation (321, 375) , increases stress responsiveness and promotes anxious behaviors in the adult offspring of the most proficiently caring mothers (519).
Overall, these results demonstrate that early environmental experiences can profoundly affect the adult phenotype through epigenomic processes impinging on the structure and function of chromatin (328, 517) . Epigenetic changes seem also involved in the enduring consequences of maternal care on maternal style exhibited by the offspring. Increased maternal care levels are associated with a higher expression of the estrogen receptor alpha in the MPOA, due to lower levels of cytosine methylation in the receptor gene promoter (88) .
In humans, vast epidemiological evidence suggests that early alterations in maternal care have durable or even permanent effects on the individual personality traits, cognitive abilities, and vulnerability to disease (228) , with a specific role for early life maltreatment in the etiology of stressrelated disturbances (163) . Much of the available knowledge derives from the study of children who were abandoned at birth and placed in orphanages, and in particular studies conducted in Bucharest orphanages, showing that orphans reared in harsh conditions characterized by very little attention from caregivers often suffer from a kind of "institutionalization syndrome" which comprises several growth delays and neurobiological/behavioral alterations, including a low intelligence quotient (IQ), disorganized forms of attachment, impaired language abilities, and a tendency toward a pathological social-emotional development (543) . Importantly, enhanced caregiving through placement in therapeutic foster care can strongly alleviate these symptoms (154, 351) , possibly acting on brain circuits involved in the control and regulation of emotional responses, such as the amygdala (490) . This is in agreement with data obtained in animal models showing that EE from the time of weaning can reverse the effects of maternal separation on stress reactivity (155) . By tracking the cognitive development of institutionalized children randomly assigned to continued institutional care or to placement in foster care, Nelson et al. (351) highlighted the existence of a sensitive SALE, BERARDI, AND MAFFEI period for cognitive function maturation. Indeed, the authors found that children placed in foster care in early periods (0 -18 and 18 -24 mo) displayed better performance than those placed later on (24 -30 and above 30 mo) (351) . Very little evidence is present in noninstitutionalized children trying to compare the effects of different levels of maternal care. Recently, a study has provided compelling evidence for a direct link between the quality of early nurturance and brain development, showing that maternal nurturance objectively assessed during the preschool period is predictive of larger hippocampal volumes at school age (296).
The "orphanage" effect is strongly reminiscent of Harry Harlow's results obtained in maternally separated rhesus monkeys (420, 458) . Total social deprivation of primate infants usually results in extremely severe and permanent abnormalities, with a typical range of motor stereotypies and aggressive and anomalous parenting behaviors (193) . Milder forms of maternal deprivation, such as the so-called peer-rearing obtained by maternal separation at birth followed by a short period of hand-rearing and then long-term rearing inside large groups of same age peers, do not usually result in anomalous physical and motor development, but tend to produce neophobia, social demotivation, and behavioral impulsivity (475) .
The advent of the "behavioral epigenetics" era (278) has opened exciting possibilities to investigate the biological mechanisms underlying long-lasting neural effects of early life adversity not only in rodents, but also in humans. Childhood abuse is known to alter HPA stress responses and to increase the risk of suicide. Focusing on a neuron-specific glucocorticoid receptor (NR3C1) promoter, a recent study showed increased cytosine methylation and decreased glucocorticoid receptor mRNA in the hippocampus of suicide individuals with a history of childhood abuse (322), providing a link with the previously documented epigenetic effects of parental care in the rat. This is further supported by analysis of whole-genome methylation patterns in children raised since birth in institutional care, showing greater methylation levels, compared with children raised by their biological parents, in genes involved in the control of immune response and cellular signaling systems (349).
Influence of preweaning EE
Despite the large amount of data concerning the effects of maternal stimulation on neural development, the possibility that early exposure to EE might modulate the maturation of brain circuitries has remained scarcely investigated for many years.
The limited interest attracted by early EE studies can be possibly attributed to the fact that preweaning EE involves little amounts of voluntary physical exercise, as pups are too inert to engage in sustained motor activities. Since increased levels of physical activity are thought to be an essential component of the enrichment protocol, this can explain why the possibility to evoke neural and behavioral changes through preweaning EE has been considered quite limited. For instance, differently from adult animals, hippocampal neurogenesis was not found to be promoted by an intensive preweaning EE protocol consisting of increasing complex combinations of tactile, olfactory, visual, acoustic, and vestibular stimuli to which pups were exposed from postnatal day 7 (P7) until P21 (249) . However, since early EE provides increased levels of polysensory stimulation occurring during a period of high anatomical and functional rearrangement of the cerebral cortex, it might be expected to elicit brain changes through experience-dependent plasticity processes. Accordingly, more complex dendritic branching has been found in cortical pyramidal cells following EE occurring in the P10-P24 period, particularly in the parieto-occipital cortex (510) . A significant increase in neuronal cytodifferentiation has been also found in the motor cortex of rats submitted to EE from P5 to weaning, with enriched subjects showing better performance in a number of behavioral adaptive responses, as measured in the open field, narrow path crossing, hindlimb support, and ascending on a rope (376). Koo et al. (250) showed that granular cell layer neurogenesis and hippocampal and cortical expression levels of NCAM, synaptophysin, and BDNF are significantly increased in the cerebral cortex of preweaning enriched subjects compared with standard reared pups; interestingly, all these molecules are involved in synaptic plasticity processes. It is also worth noting that prenatal stress and early EE may interact with each other. Postnatal EE has been demonstrated to reverse disturbances induced by prenatal stress in social play behavior and in the ability to respond to restraint stress (340) , and to counteract defects in cognitive ability, cell proliferation, and synaptic protein expression in prenatally stressed rats (250, 272) .
In 2004, we started at the Institute of Neuroscience of the National Research Council (CNR) in Pisa a new endeavor in which we combined the rigorous methodological approach followed in classic visual system studies with the conceptual frame of EE. This approach has proven quite fruitful, allowing us to probe the impact of environmental stimulation on brain developmental plasticity (437) . Focusing on the progressive increase of visual acuity that occurs during early postnatal life in most mammals, we showed that the time course of this highly sensitive parameter of visual system development is robustly accelerated in mice and rats exposed to EE since birth (76, 268) , leading to higher visual acuity values even in adulthood (76), a result in agreement with previous work by Prusky et al. (401) . In the time scale of human visual development, it can be estimated that this effect corresponds to an acceleration of ϳ2 years in the 5-year time-lapse usually required for a child to reach adultlike visual acuity. A remarkable acceleration of visual system development was also evident when taking into account the possibility to evoke long-lasting changes in layer II-III synaptic transmission of visual cortical slices (240) , with an earlier time course for LTP inducibility occurring in enriched pups compared with standard-reared animals (76) . Searching for possible molecular factors underlying the effects of EE, we found an early increase of BDNF protein content in the visual cortex of P7 enriched pups, together with an enhanced expression of the GABA biosynthetic enzymes, GAD65 and -67, detectable at the same age and also 1 wk later (76) . It is interesting to observe that exactly the same functional and molecular changes have been previously found by our group, in collaboration with Susumu Tonegawa at MIT, in mice engineered to overexpress BDNF in their forebrain (214) . In these animals, large BDNF increments obtained from very early postnatal ages lead to a faster maturation of intracortical GABAergic inhibition, directly causing earlier developmental increases in inhibitory postsynaptic currents and GAD65 levels in the perisomatic region of pyramidal cells, together with an accelerated maturation of visual acuity and closure of the sensitive period for LTP in visual cortical slices. Thus one first conclusion of our study was the possibility to reduce the effects of an early enriched experience to those elicited by a neurotrophin crucially involved in visual system development.
Another major achievement we obtained was the demonstration that, in addition to BDNF, IGF-I has a key role in driving the acceleration of visual development under EE conditions. IGF-I expression, indeed, turned out to be increased in the visual cortex of preweaning enriched rats, and IGF-I supply or blockade was respectively able to mimic or prevent the EE effects on visual acuity maturation (96) . Given that an increased GAD65 expression, a feature usually associated with enhanced BDNF signaling, was also present in visual cortex synaptic terminals of IGF-I-infused rats, it is possible that, as previously shown in the adult rat by the group of Torres-Alemann (78) and demonstrated in the developing retina (see below), an increase in brain IGF-I in the EE setting stimulates the expression of BDNF in the visual cortex. Eventually, activation of BDNF and IGF-I signaling may regulate the nuclear activation of key target genes: CREB/CRE-mediated gene expression is developmentally accelerated in enriched animals, and chronic injections of standard-reared pups with rolipram, a pharmacological compound increasing the phosphorylation of CREB, mimic the effects of EE on visual acuity maturation (76) .
While a classic and intuitive view predicts that maturation of neural circuitries in specific sensory systems is dependent on inputs of the same sensory modality, the precociousness of the effects we obtained in enriched animals challenged this dogma, offering an attractive example of visual system acceleration following molecular changes occurring at ages that precede eye opening (P15) and even photoreceptor formation (P7). This observation opened the way for two different lines of further investigation. On the one hand, we showed that enriched rats raised in complete darkness during development, a treatment usually associated with a severe delay in the maturation of visual cortical circuits (e.g., Refs. 138, 486), had a visual acuity maturational process equal to that displayed by standard-reared animals raised in normal light (36) . A full compensation for the detrimental effects induced by dark-rearing is also evident in BDNF overexpressing mice (172) , confirming the critical role for this neurotrophin, even in the absence of visual experience, in driving visual system maturation.
On the other hand, we looked for possible cues in the EE setting that might be responsible for the earliest effects occurring in enriched pups. An obvious hypothesis was that maternal behavior differences were present between enriched and nonenriched dams, leading to different amounts of sensory stimulation provided to the litters. A detailed quantitative study of maternal care in different environmental conditions confirmed this hypothesis (444), showing that enriched pups experience constant physical contact due to the presence of adult females in the nest and receive much higher levels of maternal and nonmaternal licking and grooming, fundamental sources of sensory stimulation at early ages (444) . The critical role of tactile stimulation for visual system development was further demonstrated in a study in which we reproduced the EE-dependent acceleration of visual development and increase of brain IGF-I levels by providing standard-reared rat pups, during their first 10 postnatal days of life, with a cycle of artificial massages mimicking maternal behavior (188) . Thus living in an EE setting provides the animals with an additional source of stimulation other than the social, cognitive, and motor components: maternal touch.
In parallel with the effects obtained in rats, we also reported that enriching the environment by practicing "massage therapy" in healthy preterm infants (gestational age between 30 and 33 wk), results in increased levels of plasma IGF-I, faster developmental reduction in the latency of flash visual evoked potentials (VEPs), and an increase in behavioral visual acuity, which persisted above 2 mo after the end of the treatment (188) . Moreover, massaged babies displayed faster EEG maturation, as evident from a more rapid shortening of the interbust intervals, a reliable index of the developmental stage of the brain. In addition, while preterm control infants exhibited changes in EEG spectral power in the first postnatal weeks, these changes were prevented in preterm massaged infants; as a consequence, the maturation of brain electrical in the latter group was more similar to that observed in utero in term infants (189) . These results add to the previously published literature concerning the beneficial effects of infant massage on weight gain and adaptive behavior (448, 512) , to show that early EE interventions may also dramatically affect brain development in humans.
SALE, BERARDI, AND MAFFEI
The social environment we recreated with our EE paradigm in rodents included more litters raised together by several dams sharing their care-giving, a form of early social stimulation usually referred to as "communal nesting," which is typical of the natural reproductive behavior of many rodent species. It has been shown that adult mice that have been raised in communal nesting display higher propensity to interact socially, reduced anhedonia during social stress, and reduced anxiety-like behavior when placed in a novel environment, together with higher nerve growth factor (NGF) and BDNF levels in brain areas such as the hippocampus and the hypothalamus, accompanied by lower corticosterone levels after exposure to social stressors (65, 66, 106) . Moreover, this effect is transgenerational, with communally reared females displaying enhanced maternal care and reduced anxiety-like behavior as adults (106) . It is important to underscore that, beside the effects set in motion by communal nesting, licking was also enhanced in a more selective EE setting where no social contribution to maternal care was possible because only one dam was reared with her litter in the absence of any other adult female (444) . Since the increment in maternal care was linked with enriched mothers spending a significantly longer time out of the nest, one can speculate that raising pups from birth in an enriched environment when only one dam is present may represent a particular form of "handling-like effect," because the higher amount of time spent by the mother out of the nest in the enriched cage leads to increased amounts of licking (444).
Surprisingly, not only the development of the visual cortex, but even that of retina, a structure traditionally considered little or not plastic at all (27, 138, 144) , shows a marked acceleration under EE conditions, as evident when taking into account both retinal acuity development and the process of retinal ganglion cell dendrite segregation into ON and OFF sublaminae (266, 268) . An interplay between BDNF and IGF-I is involved also in this case, suggesting that it might be a general feature of the EE impact on visual plasticity (266 -268) . The responsivity of the retina to environmental stimulation in rodents is further supported by the alterations of anatomical and physiological maturation of retinal circuits caused by a complete lack of visual experience in mice (484, 485) .
The positive impact of early EE is not restricted to the visual system. Rats housed in enriched conditions prior to reaching sexual maturity show a variety of effects in the primary auditory cortex: increased strength of auditory responses, increased number of sound-activated neurons, better sensitivity to quiet sounds, better selectivity for tone frequencies and enhanced directional selectivity of auditory cortical neurons (129, 544) . Moreover, EE from birth accelerates the maturation of chondroitin sulfate proteoglycans (CSPGs) in the striatum, resulting in better performance in behavioral tasks requiring mixed cognitive and motor competences at P10 (459) . Finally, exposure to EE from birth accelerates the maturation of GABAergic and glutamatergic synapses in the mouse hippocampus, with a faster transition from excitatory to inhibitory GABA action (196) , and promotes the morphological development of dentate granule cells (291) .
It should be noted that while the effect of CNS accelerated maturation induced by early exposure to EE offers a strong proof of concept for the remarkable influence of the environment on the dynamic building of the brain, it should not be viewed as necessarily beneficial in all contests. Speeding up the maturation of a developing circuit, indeed, might force the maturational process within excessively narrow critical periods, reducing the interaction with environmental stimuli required for a proper development or cause a temporal mismatch with the maturation of other developing circuits. This seems not the case for the visual and auditory system development, where no adverse consequences of early enrichment have been reported so far, or for cognitive and emotional development, which are rescued by EE from the negative effects of prenatal stress. However, the possible negative consequences of overstimulation should not be neglected, particularly during development. In addition to activation of stress responses, excessive stimulation in one or two domains might result in deficient stimulation in other domains, with negative consequences for development. The EE protocols employed in laboratory practice do not result in excessive stimulation, since no activity is imposed or forced upon the animals; moreover, the effects of environmental stimulation in very young animals are mediated by maternal behavior, and both enhanced maternal care levels and massage reduce circulating corticosteroids, and therefore do not result in a stressful overstimulation.
These considerations lead us to ask ourselves which aspects of the EE paradigm in rodents might actually be applicable to children. Except for the aforementioned results obtained in massaged babies, very little is known of the effects elicited by enriched living conditions in children. Previous studies showed that early educational and health enrichment at ages 3-5 yr is associated with long-term increases in psychophysiological orienting and arousal at age 11 (407) and that an enrichment program including early nutritional, educational, and physical exercise stimulation resulted in lower scores for schizotypal personality, antisocial behavior, and criminal behavior at age 17-23 yr (406) . Despite the scarcity of the available information, these results encourage further research focused on the long-lasting effects of early EE on the brain. The available results in animal models would suggest that key elements of an enriched environment would be the opportunity, for each individual, to be voluntarily engaged in cognitive, including perceptual, and motor activities of interest, the presence of novelty elements eliciting curiosity and exploration and, particu-larly for very young subjects, the presence of adequate social interactions and physical contact.
C. Rescuing Developmental Intellectual Disabilities
Given the multifactorial action of EE on brain plasticity, this paradigm could have a favorable impact on a host of neurological disorders characterized by alterations in neuronal plasticity processes occuring during development. One particularly relevant case is that of the so-called developmental intellectual disabilities, a heterogeneous group of disorders characterized by cognitive impairment and affecting 2-3% of the population in the industrialized world (for a recent review, see Ref. 142) . As an example of EE potentiality in the field, here we focus on Rett syndrome, a very severe disorder which offers one of the most striking examples of pleiotropy in humans, and on Down syndrome, the most diffused genetic cause of mental retardation.
Rett syndrome is a progressive disorder that predominantly affects the female population in early childhood. After a period of apparently normal development, developmental stasis and rapid deterioration occur at 6 -18 mo of age, resulting in a complex neurological and neurobehavioral phenotype with mental retardation and severe dysfunctions in motor coordination skills (191) . This deterioration is caused by loss-of-function mutations in the X-linked gene encoding the methyl-CpG binding protein (MeCP2) (10), a key regulator of gene expression and RNA splicing (85, 542) , with a particularly relevant action on BDNF (94) . Down syndrome is caused by triplication of chromosome 21 (Chr21) (275) .
Interestingly, it has been proposed that both syndromes may have a common key etiologic mechanism consisting of a general dysregulation of the cerebral balance between excitatory and inhibitory drive, leading to impaired synaptic plasticity in several brain structures (142) (FIGURE 1). This view is mainly based on studies performed in transgenic murine models of these pathologies. Indeed, detailed electrophysiological analysis in mice carrying conditional deletion of MeCP2 or neuron-specific expression of mutated protein forms shows cortical and hippocampal reductions in cell activity (21, 109) and reduced LTP expression in various brain regions (21, 337) , an effect generally attributed to overinhibition. Recently, it has been elegantly demonstrated that MeCP2 knockout mice display a progressive shift in cortical excitation/inhibition balance favoring inhibition, through early upregulation in the expression of parvalbumin GABAergic neurons synapsing onto cortical pyramidal neurons (128) . In Ts65Dn mice, the prime model of Down syndrome (110) , a large number of studies have shown that the cognitive impairment is mainly related to overinhibition in temporal lobe circuitries (43, 242, 383, 456) , with a central role of excessive inhibition being confirmed by the demonstration that administration of GABA-A and GABA-B receptor antagonists reverses the main deficits in this model (143, 241) (FIGURE 1). In agreement with these data, analyses of human postmortem brain samples have shown increased density of GABA receptors in people with Rett syndrome (60) and an impaired balance between excitatory and inhibitory systems in Down syndrome tissues (see Ref. 419 for a recent review).
In the absence of a definite and safe pharmacological treatment for these disorders, manipulating the environment as a way to modify the brain biochemical milieu and to favor functional recovery may emerge as an alternative and attractive way of intervention. Preweaning EE stimulates BDNF expression in the brain, leads to a partial rescue of motor and cognitive abilities, and reverses cortical LTP deficits in mouse models of Rett syndrome, increasing the number of cortical excitatory synapses without any changes in the density of inhibitory synapses (293) . During typical development, inhibitory cortical interneurons follow their developmental trajectory under the influence of BDNF, which progressively increases during development (214) . In developmental disorders, inhibitory interneurons might derail from the typical developmental trajectory and show an enhanced action even in the presence of lower levels of BDNF. EE might partially rescue the phenotype not acting on the runaway intracortical inhibition, but on intracortical excitatory circuitry.
Martinez-Cue and co-workers (314, 315) reported beneficial effects elicited by EE in Ts65Dn mice, an effect that turned out to be gender-specific, and Dierssen et al. (121) showed a more complex branching in the dendritic trees of Ts65Dn mice. Moreover, EE combined with increased levels of physical exercise increases neurogenesis and gliogenesis in the hippocampus of Ts65Dn mice of both genders (86) . Beneficial effects on learning abilities have been also associated with increased levels of physical exercise, with exercised 10-to 12-mo-old Ts65Dn male mice displaying improved performance in the Morris water maze task and an increase in hippocampal neurogenesis, as suggested by a higher number of doublecortin (DCX) positive neurons (292) . We recently tested the therapeutic potential of EE in the Ts65Dn model by focusing on both hippocampal and cortical functions. Our findings show that EE promotes recovery from cognitive impairment and synaptic plasticity failure and induces a full rescue of visual acuity, ocular dominance, and visual neuronal response latencies in Ts65Dn mice compared with their littermates reared in standard conditions, an effect accompanied by normalization of GABA release in both hippocampal and visual cortex synaptosomes (42) .
In view of possible interventions in human developmental disorders, data for Rett animal models suggest that the earlier the intervention, the better the outcome (293); for SALE, BERARDI, AND MAFFEI Down syndrome, it is also conceivable that early interventions should be preferable to maximize the chance to positively impact on brain developmental processes altered by the trisomic condition. The nature of the intervention should have the characteristic outlined before, that is, novelty and opportunity to be voluntarily engaged in cognitive and motor activities of interest; in case of very early interventions, a component of physical contact such as massage might be envisaged.
In conclusion, there is robust evidence that the prenatal, preweaning, and postweaning environment shapes brain development. Physiological brain development is enhanced in enriched subjects, and EE can prevent or rescue deficits associated with pathological brain development. Factors that emerge as crucial mediators of EE effects on brain development are IGF-I, BDNF, inhibition/excitation balance, and epigenetic processes, which might be responsible for the long duration of some EE effects.
III. EFFECTS OF ENVIRONMENT ON BRAIN PLASTICITY IN THE ADULT
A. Environmental Stimulation and Brain Morphology
Initial experiments by Rosenzweig et al. (427) showed that after 30 days of exposure to enriched living conditions, the cortex of adult rats increased robustly in thickness and weight compared with that of standard reared animals. These changes occurred in the entire dorsal cortex, including frontal, parietal, and occipital cortex, but were more prominent in the visual and hippocampal area (409, 424, 514, 515) , leading to the widely accepted notion that some specific brain regions are more sensitive to experience-dependent activation compared with others. Since then, many studies performed in different species from rodents to primates have reported various anatomical changes associated with enriched living conditions, including nearly all structural components analyzed, such as an increment in the size of the soma and of the nucleus of nerve cells, increased dendritic arborization, length of dendritic spines, synaptic size, and number, as well as increased postsynaptic thickening, gliogenesis, and brain vascularization (18, 58, 119, 120, 173, 184, 185, 210, 253, 336, 493, 494) . The social component characteristic of EE, albeit not sufficient to account for all documented beneficial effects (426) , can act in an additive manner with the other sources of stimuli, as suggested by early studies reporting that synaptic density, number of synapses per neuron, and maximum length of synaptic contact zone are highest in enriched rats, intermediate in socially reared rats, and lowest in isolates (460, 493) . Moreover, rearing rats in isolation leads to characteristic neuroanatomical changes, including smaller brains, larger lateral ventricles, and reductions in cortical and hippocampal volume (111, 136, 452) .
Another striking effect elicited by EE during adulthood is an increase of hippocampal neurogenesis. Although in mammals the majority of neurons are generated by the time of birth (83), the dentate gyrus of hippocampus maintains this potentiality after sexual maturity, not only in rodents (187, 258) , but also in monkeys (177) and, remarkably, even in humans (132); of note, a very recent paper estimated that humans have at least as much adult hippocampal neurogenesis as mice, with one-third of adult hippocampal neurons turning over (468) . Numerous studies pioneered by Fred Gage and co-workers have shown that exposure to an enriched environment produces a significant increase in hippocampal neurogenesis (68, 230 -233) , an effect caused also by enhanced levels of physical exercise through running (68, 508) . The two treatments, albeit similar, seem to act with distinct mechanisms: while voluntary exercise alone in a standard cage increases neurogenesis with an increment in both proliferation of neuronal precursors and survival of new-generated neurons, exposure to an enriched environment mostly affects the number of surviving newborn cells (135, 508) . On the contrary, environmental impoverishment through social isolation reduces hippocampal cell proliferation, survival, and neuronal differentiation in mice, rats, and prairie voles (216, 285, 295, 522) . The ability of EE to interact with the programs of nerve cell renewal extends over the influence on neurogenesis, including also the capability to reduce apoptotic cell death in the rat hippocampus under both natural and insulting conditions (541).
These results challenge the traditional vision that the anatomical structure of the adult brain is immutable under nonpathological conditions, revealing an unexpected plasticity at the structural level. Similar effects can occur also in the human brain: learning to juggle and practicing it for 3 mo lead to a transient and selective expansion in grey matter in the midtemporal area and in the left posterior intraparietal sulcus, which are regions involved in the processing and storage of complex visual motion (124).
B. Environmental Stimulation and Molecular Changes
Efforts aimed at understanding possible molecular mechanisms underlying the reported changes elicited by different environmental conditions on the brain are guided by the intent to reveal factors that are susceptible to be manipulated to reproduce the beneficial effects of the enriched experience. First studies by Rosenzweig and co-workers (425, 428) reported an increase in acetylcholinesterase activity, with subsequent investigations confirming and extending this initial observation to the other neurotransmitter systems which have diffuse projections to the entire brain, like the serotonin (32, 67, 412) and norepinephrine systems (133, 347) , with opposite effects induced by protocols of social deprivation (57, 165, 313, 344) , although the effec-tive outcome of this form of impoverishment can be genderdependent (see Ref. 325) . Since these neuromodulators have been reported to influence learning and plasticity in the adult brain (186, 507) while, at the same time, they are also tightly involved in the regulation of brain arousal (54, 203) , these studies opened at the time a debate which contrasted the so-called "learning and memory hypothesis" of EE with the "arousal hypothesis" (see Ref. 507 ).
In our opinion, these two hypotheses are not necessarily mutually exclusive, and there is no necessity to contrast one with the other; indeed, arousal has a component of global attention which favors perception and learning and memory processes, in this latter case also facilitating the synaptic plasticity mechanisms underlying memory formation and consolidation, as previously discussed. Therefore, an effect of EE on arousal can be seen as a component of EE positive effects on learning and memory. Another possible effect that EE could exert on learning and memory via an action on neuromodulatory systems is an effect on sleep states. To date, very few studies have characterized the impact of EE on sleeping states (334) ; given the importance of sleep for memory consolidation (410), these aspects and the underlying molecular mechanisms need further investigation.
One group of molecules particularly sensitive to environmental stimuli and exerting potent functions in the nervous system are the neurotrophic factors (or neurotrophins), a class of secreted proteins promoting neuronal development and survival, which include not only the already mentioned NGF and BDNF, but also neurotrophin-3 (NT-3) and neurotrophin-4 (NT-4). Neurotrophic factors are strongly implicated in regulating structural and functional neural rearrangements in response to sensory stimulation, both during development and in the adult brain (reviewed in Refs. 49, 62, 481) , thanks to their capacity to act as ideal players following the classic Hebb's principle of activity-dependent plasticity of the nervous system. One of the best-characterized effects of EE is to stimulate brain expression of various neurotrophic factors (reviewed in Ref. 390) , resulting in higher levels of mRNAs for NT-3 and NGF in the visual cortex and hippocampus (488, 489) and increasing protein levels of NGF, BDNF, and NT-3 in several brain regions (76, 217, 390, 443) . In addition, EE increases hippocampal phosphorylation of CREB (541), which is known to regulate BDNF expression (479) . Sustained levels of physical exercise occurring either in EE or as an individual component of environmental stimulation can increase brain uptake of other physiologically relevant trophic factors, such as IGF-I, which mediates most of the known effects of exercise on the brain, including increased expression of BDNF and c-fos, an indicator of neuronal activity, increased hippocampal neurogenesis, and protective effects against brain insults (78, 79, 251, 491) . Recently, EE has been also linked with chromatin modifications through increased histonetail acetylation (146) .
New possibilities for investigating brain molecular changes elicited by environmental stimulation came from the development of gene chip analyses, allowing simultaneous screening and comparison of differential gene activation in different environmental conditions. It has been reported that exposure to an enriched environment even only for 3 h elicits robust long-lasting changes, with most of the affected genes being grouped in functional classes linked to neuronal structure, synaptic plasticity and transmission, neuronal excitability, neuroprotection, and learning and memory capacity (236, 408) . Another powerful tool of investigation has been provided by the advent of conditional gene knockout techniques. Genetic deletion of the NMDA receptor for glutamate in the CA1 subregion of the hippocampus has been associated with profound learning deficits, largely or completely rescued after 2 mo of EE (409) . On the other hand, overexpression of the NR2B subunit of NMDA receptors in the forebrain enhances learning and memory abilities with a ceiling effect, occluding further improvements after exposure to an enriched environment (478) . This saturation suggests the existence of overlapping mechanisms between EE and genetic enhancement of the NMDA receptor functions, offering an informative example of interplay between nature and nurture whereby a genetic deletion can be compensated through environmental stimulation, while occlusion of the influence of environment is achieved through genetic enhancement of learning and memory functions.
C. Environmental Stimulation, Synaptic Plasticity, and Behavioral Changes
As EE selectively promotes structural elaborations especially evident in the cortex and hippocampus, a general rule can be also found at the behavioral level, with EE enhancing animal performance mostly in tasks involving superior cognitive functions, such as learning and memory. Since the initial anecdotic observations dating back to Donald Hebb, these effects have been replicated in a great variety of different studies under controlled experimental conditions. One of the most robust effects on the behavior of laboratory rodents appears in hippocampus-dependent tasks involving spatial memory, such as the Morris water maze task, where the animals learn to reach a submerged platform relying on a spatial map based on the position of visual stimuli external to the pool (reviewed in Ref. 108) . EE enhances spatial learning and memory in the Morris water maze, independently on the gender and age of tested animals (e.g., Refs. 139, 259, 342, 364, 378, 480, 527) . Some uncertainness exists about cellular mechanisms underlying the improvement in behavioral performances elicited by EE in special memory tasks, but an increase in hippocampal LTP, a universally accepted model of cellular memory and activitydependent modification of synaptic efficacy (298) , has been shown in animals after living in complex environmental settings, together with increased synaptic transmission and SALE, BERARDI, AND MAFFEI synaptic strength (20, 126, 152, 183, 308, 506) . More specifically, a recent analysis of possible underlying causes for enhanced LTP at Schaffer collateral inputs in enriched animals revealed an increase in the frequency but not in the amplitude of miniature excitatory postsynaptic currents, with no effect on presynaptic release probability (309) . Furthermore, EE increased neuronal excitability by reducing spiking threshold, leading CA1 pyramidal neurons to fire more action potentials in response to excitatory postsynaptic potentials. Finally, a striking effect of EE on hippocampal dendritic plasticity has been documented, with compartmentalized increases of excitability in specific dendritic branches of CA1 pyramidal neurons, due to changes in the distribution of dendritic spike propagation mediated by decreases in the activity of Ca The effects induced by EE on learning and memory are not limited to spatial abilities, as shown, for instance, in the systematic behavioral analysis performed by Rampon et al. (409) , in which the enriched experience was reported to enhance mnemonic performances in mice in three different nonspatial tasks, one of which universally acknowledged to be hippocampus independent (i.e., cued fear-conditioning task).
Taking into account the general impact of environmental stimulation on the behavior, a special interest is given to those studies investigating the influence of EE on emotionality and stress reaction, a very important theme given the well-documented relationships of stress levels with cognitive function (219, 297, 445) . While the issue about a possible capacity of enriched experience to lower stress levels has remained controversial for long time, the prevailing consensus is that enriched animals display less behavioral anxiety and stress (90, 269, 431) , together with significant reductions in basal corticosterone levels (44) , although this effect can be abolished in particular conditions in which more males are group-housed and social disturbances might occur (324, 325) . Furthermore, it has been shown that EE can abolish the elevation of glucocorticoids elicited by a mild repeated immune challenge (335) or by stressing protocols based on a mild electric shock, with enriched animals displaying higher natural cell killer cytotoxicity, an effect not abolished by the stressing procedures (45) . These studies show that pathways of communication between the immune and the nervous systems are subjected to environmental influence, with important implications for the growing field of psychoneuroimmunology.
A very recent study suggests that the programming of the energy balance and food intake system is also affected by EE, with the interesting possibility of the existence of a sensitive period; indeed, only mice enriched from birth, but not mice exposed to EE when adult, show decreased leptin, despite similar adipose mass, but normal food intake.
This effect is based on an enhanced leptin signaling and higher excitatory input on anorexigenic neurons in the arcuate nucleus of the hypothalamus found in young EE mice (303) . This is the first evidence that early experiences can affect one of the most primary behaviors in an individual, that is, feeding behavior.
D. Effects of EE in the Adult on Sensory Systems and Discrimination Abilities
Exposure to enriched living conditions has been shown to profoundly affect the functional properties of mature sensory systems.
Transferring rats to a naturalistic environment, promoting the execution of the complete, natural behavioral repertoire of this species, induces a large-scale functional and morphological refinement of cortical somatosensory maps in the barrel cortex, causing a contraction of the whisker cortical representation, associated with smaller receptive field size (397) . Morevoer, exposure to EE induces marked changes in the synaptic circuitry of layer IV of the somatosensory cortex, promoting an increase in the number of synapses (264) , and EE has also been associated with increased somatosensory-evoked potentials (116) . These findings are supported by behavioral studies reporting faster learning of tactile discrimination of textures in adult rats exposed to an enriched environment compared with rats reared in impoverished conditions, in which a degradation of forepaw representation in somatosensory cortex has been demonstrated (63, 102) .
In the posterior auditory field, EE has been recently associated with increased spectral and temporal selectivity and time-locking to rapid input sequences (222), in agreement with previous studies showing improvements in response strength, threshold, selectivity, and latency of primary auditory cortex neurons, together with their directional selectivity (129, 544) . These changes are able to affect behavioral spatial localization in the auditory system, with enriched animals displaying improved sound-azimuth discrimination performance (73) .
In the visual cortex of enriched cats, a higher proportion of orientation-selective cells and sharper orientation tuning has been reported compared with impoverished controls, together with higher contrast sensitivity and spatial frequency resolution (40, 41) . Moreover, an increased pairedpulse depression of the visual thalamo-cortical pathway has been described in enriched rats, which may suggest a higher neurotransmitter release probability by thalamic afferents (302).
While one obvious source for the effects of EE on sensory cortices is the specific input belonging to the same sensory modality, a functional crosstalk between different ENVIRONMENT AND BRAIN PLASTICITY cortical areas may also be involved. One intriguing possibility is that the primary motor cortex, whose activation is likely to be enhanced under enriched conditions due to increased levels of physical exercise, may in turn activate other brain areas, thus providing a means for a more widespread diffusion of the enrichment effects. Neill and Stryker (354) , for instance, have provided compelling evidence that running increases the firing rate of V1 neurons. Since, however, no recording of cell activity from the motor cortex has been performed in this study, it remains unknown whether visual cortical neurons are actually directly affected via activation of the motor cortex or whether running acts through a modification of the animal behavioral state, for instance affecting attention levels. Simultaneous recordings of local field potentials in awake animals, indeed, showed that EE actually results in reduced coupling levels between the electrical activities of motor and visual cortical areas (117).
E. Empowering Brain Plasticity in the Adult: Lessons From the Visual System
In the last few years, a series of provocative studies have provided tremendous challenges to the dogma of a rigid critical period strictly regulating visual cortex plasticity early in life in mammals with a binocular vision (FIGURE 2).
One paradigmatic field that is undergoing fast and paramount changes in its conceptual and methodological framework is that of amblyopia therapy in the adult (31) . Amblyopia (lazy eye) is a severe condition with an estimated prevalence of 1-5% in the total world population (211) and constitutes the most common cause of monocular visual loss in children (411, 449) . Amblyopia is caused by a functional imbalance between the two eyes occurring early in development, a defect that, if not rapidly corrected through proper visual penalization strategies of the fellow eye, results in a dramatic degradation of visual acuity and contrast sensitivity in the anisometropic, strabismic, or cataract-affected eye, with a number of other perceptual deficits, including stereopsis defects (211, 239, 535) . In animal models, amblyopia is induced by long-term occlusion of vision through one eye by means of an enduring MD procedure starting at the peak of plasticity during the critical period and protracted until subjects reach adulthood.
Using a rat model of amblyopia, we showed that adult amblyopic rats transferred to an EE setting for 3 wk immediately after being subjected to reverse suture (i.e., reopening of the long-term deprived eye and closure of the eyelids in the fellow eye) undergo a full recovery of their visual functions, both in terms of visual acuity and binocular vision (29, 443) . Beneficial effects on visual discrimination abilities were detectable at both the electrophysiological and behavioral level, and outlasted the end of the treatment for at least 10 days. Recovery of plasticity in enriched animals was accompanied by increased expression of BDNF, decreased density of CSPG perineuronal nets, and a threefold reduction in GABA release detected in the visual cortex contralateral to the previously amblyopic eye by means of in vivo brain microdialysis, without any significant change in the release of glutamate. The reduction in the intracortical inhibition-excitation balance elicited by EE was causally linked with the functional rescue of visual functions, as definitely demonstrated by the complete lack of visual acuity and ocular dominance recovery in enriched rats intracortically infused in their visual cortex with the benzodiazepine Diazepam (443) . This has been one of the first demonstrations that reducing GABAergic inhibition promotes adult visual cortical plasticity, in agreement with Takao Hensch's work on the fundamental role of inhibition as a crucial regulator for the critical period in V1 (reviewed in Refs. 197, 198, 338, 438) (FIGURES 1 AND 2) . In agreement with this hypothesis, a reduction of intracortical GABAergic inhibition by infusion of a blocker of GABA synthesis (3-mercaptopropionic acid, MPA) or of a GABA-A receptor antagonist (picrotoxin) in V1 reinstates juvenile-like plasticity in the adult visual cortex (192) .
It is interesting to point out that while, during development, an increase in BDNF levels elicited by EE promotes the maturation of the GABAergic system in the visual cortex, in adult animals enhanced BDNF is associated with reduced GABA release in the EE setting. We have proposed that distinct processes link these molecular factors together in different periods of the animal life (30) . Specifically, while it is well established that an early increase in BDNF is a prime trigger for the maturation of inhibitory circuitry in the immature brain (214), on the contrary, the increased expression of BDNF in adult animals may be one of the consequences of a reduced inhibition/excitation balance, which can increase the expression of various genes involved in neural plasticity.
More recently, we went on to address the possibility to rescue visual acuity in long-term deprived adult rats exposed to EE immediately after silencing of retino-thalamic projections of the fellow (nonamblyopic) eye due to optic nerve dissection (487) . This represents a case of particularly relevant clinical interest, since a significant number of amblyopic patients lose their better eye due to accidents or ocular illnesses, thus becoming severely visually impaired (511, 530) . No spontaneous recovery of visual abilities was detected in animals reared under standard environmental conditions, but a full rescue of visual acuity was achieved in monocular rats exposed to EE, accompanied by lower numbers of GAD67-positive cells and increased BDNF expression in the visual cortex (487) .
Given its totally noninvasive nature, EE appears as a promising strategy to counteract visual impairments in human ↑ BDNF FIGURE 2. Environmental strategies restoring plasticity in the adult visual system. Recent data have documented a previously unsuspected high potential of neuronal plasticity in the adult visual cortex. This can be elicited by various noninvasive strategies, such as living in an EE setting, dark exposure, caloric restriction, attaining high levels of voluntary physical exercise, and being engaged in visual perceptual learning training. Enhancement of cortical plasticity is achieved through modulation of critical underlying molecular factors, including enhanced release of the neurotransmitter serotonin, reduced inhibition/excitation balance, and increased expression of trophic factors such as BDNF and IGF-I. The enhancement of neural plasticity achieved by these treatments (red arrow) is exemplified in the figure by reopening of a sensitive phase for plasticity in the adult brain, well after the closure of the critical period in V1. The blue curve on the left depicts the developmental time course of visual cortical plasticity, expressed as a percentage of the maximal plasticity levels at the peak of the critical period; the blue curve on the right depicts the increase in adult visual cortical plasticity following onset of one of these treatments. At the functional level, this may eventually lead to visual function recovery from amblyopia in adult animals.
ENVIRONMENT AND BRAIN PLASTICITY 207 Physiol Rev • VOL 94 • JANUARY 2014 • www.prv.org amblyopia. One step up toward the application of the EE paradigm to clinics is investigating the role of independent EE components (e.g., social, sensory, motor) in reproducing the beneficial effects elicited by the entire enriched experience, and then designing therapeutic approaches based on the most promising and effective variables. Recently, we evaluated the efficacy of motor activity, social stimulation, and enhanced visual stimuli in promoting amblyopia recovery in the rat model (28) . The results showed a full recovery of ocular dominance and visual acuity both in animals experiencing high levels of voluntary motor activity in a running wheel and in rats exposed to a protocol of visual enrichment consisting in a rotating visual drum. A strong involvement of visual experience in the recovery process is suggested by the results obtained with amblyopic animals maintained under classic EE conditions in a completely dark room, which did not display any sign of visual function recovery. This is not at odds with previous results by the group of Quinlan and co-workers (195) , showing that a period of dark exposure before the animals were reversesutured and reexposed to normal light conditions promotes vision recovery in adult amblyopic rats (FIGURE 2); in our paradigm, indeed, the animals were reverse-sutured and immediately transferred to darkness in an EE setting, therefore lacking a period of reverse-suture experience in the light.
In contrast to motor and visual enrichment, social stimulation alone did not favor restoration of normal visual acuity and ocular dominance. The EE components effective in triggering recovery from amblyopia were associated with decreased GABA release in synaptosome analysis, without any change in the release of glutamate, thus resulting in a decreased intracortical inhibition/excitation ratio (28) .
These findings might encourage the implementation of new environmental strategies devoted to promote stimulation of the amblyopic eye in adult patients as a way to increase their chance to undergo significant visual functional improvements. Accordingly, a growing body of evidence in humans shows that experimental paradigms analogous to EE, such as playing video games or being trained in visual perceptual learning (PL) tasks, can be quite successful in eliciting amblyopia recovery in adult subjects (22, 182, 281, 282) . In search for possible cellular and molecular mechanisms underlying PL effects, we set up a model of visual PL in rodents (441) . We first trained a group of animals to practice in distinguishing between two vertical gratings differing only for their spatial frequency; then, we made the spatial frequencies of the two stimuli progressively more similar to each other, until the animal performance fell to chance level. A daily discrimination threshold was measured, revealing a progressive improvement of discrimination performance with training. Control animals were required to only discriminate between an unchanging grating and a homogeneous gray panel (a purely associative task), matching the overall swim time and number of training days with those of PL rats. Activation of V1 circuitries in trained animals was confirmed by the strong selectivity of the PL process for grating orientation. Within 1 h from the last discrimination trial, LTP from layer II-III of V1 slices appeared occluded in PL animals compared with controls, both when testing its inducibility in vertical connections (stimulating electrode placed in layer IV) and when stimulating at the level of horizontal connections (stimulating electrode placed in layer II/III). Moreover, a significant leftward shift toward increased amplitudes of field excitatory postsynaptic potentials was found in the input/output curves of trained animals compared with controls (441) . Thus these data fulfill two of the most commonly accepted criteria used to relate LTP with learning, i.e., occlusion and mimicry, indicating that visual discrimination improvements in PL rats can be explained in terms of long-term increments of synaptic efficacy in V1. This is consistent with the critical role for LTP in mediating learning in other brain areas such as the amygdala, the hippocampus, and the motor cortex (418, 420, 524 ).
An involvement of LTP-like processes in visual PL has been also suggested by Cook and Bear (101), who showed that a form of robust experience-dependent plasticity in V1 called stimulus-specific response potentiation (SRP) and consisting in amplitude increases in layer 4 VEPs after repeated presentation of a sinusoidal grating stimulus, is blocked by previous thalamocortical LTP induced with a theta burst electrical stimulation of the dorsal lateral geniculate nucleus.
In agreement with evidence in human subjects, we found a marked recovery of visual functions in amblyopic rats practicing our visual PL task; on the contrary, control animals practicing a visual associative task which did not induce LTP-like changes in V1, did not show any recovery. Visual PL, but not visual associative learning, is accompanied by a robust decrease of the inhibition-excitation ratio (28) . We proposed that practice with visual PL through the amblyopic eye promotes recovery of visual functions via an LTPlike potentiation of synaptic input from the amblyopic eye on visual cortical neurons; this potentiation is likely to be favored by the lowered inhibition-excitation balance. Considering that the inhibition-excitation balance is also impaired during development in amblyopic human subjects and that excessive inhibition levels are involved in the degradation of their spatial vision abilities (280, 396) , these results provide a strong rationale for future therapeutic attempts in humans based on a nonpharmacological manipulation of the GABAergic tone. In line with this, repetitive TMS (rTMS), a treatment increasing cortical excitability, transiently improves contrast sensitivity in adult amblyopes (482) .
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Finally, it is worth here to mention that caloric restriction, which is a mild environmental challenge, might play a key role in visual system plasticity, with the demonstration that a short-term protocol of food restriction starting in adulthood is able to renew the capability of recovery from amblyopia in long-term deprived animals, an effect associated with a reduction of GABAergic inhibition (469) (FIGURE 2).
F. In Search of Enviromimetics
In addition to recovery from amblyopia, another classic paradigm of experience-dependent plasticity in the visual system is ocular dominance plasticity in response to MD. Exposure to enriched living conditions in adulthood is also able to reopen a sensitive period for this kind of plasticity, with the visual cortex of enriched monocularly deprived rats displaying a pronounced ocular dominance shift toward the closed eye, detectable both by VEPs and through single-unit recordings (32) . While, also in this case, enhancement of plasticity is paralleled by a marked reduction of the inhibitory tone and an increase in the number of BDNF-expressing neurons in the visual cortex, a crucial role for the neurotransmitter serotonin in triggering the plastic changes elicited by exposure to EE has emerged (FIGURE 2). Three sets of results point in this direction: 1) EE elicits a twofold increase in V1 serotonin expression; 2) infusion of the serotonin synthesis inhibitor PCPA (via minipumps) blocks plasticity in response to MD and completely counteracts the effects of EE on GABAergic inhibition and BDNF (33); and 3) local infusion of serotonin into the visual cortex of adult nonenriched rats restores susceptibility to MD (319) . Thus it is conceivable that the increased serotoninergic transmission in EE acts as the initial trigger for a chain of plastic changes including a decrease of GABA-mediated intracortical inhibition and, in parallel or in series, an enhancement of BDNF levels.
The role of serotonin as a master regulator of adult visual cortex plasticity has been also demonstrated in animals chronically treated with fluoxetine, a selective serotonin reuptake inhibitor (SSRI) widely prescribed in the treatment of depression and various psychiatric disorders. We found a complete recovery of V1 plasticity in adult animals subjected to a chronic treatment with fluoxetine delivered in the drinking water (318), together with a reduced GABAergic tone in the visual cortex; cortical diazepam administration totally prevented this effect (318) . The reduction of inhibition triggered by fluoxetine provides a permissive environment for structural changes, such as the addition of new synapse-bearing branch tips (92) , and the same treatment promotes an increase of BDNF expression in the visual cortex (318) , paralleled by an epigenetic control leading to increased histone acetylation status at the BDNF gene promoter (319) . In light of these promising results, fluoxetine appears to behave as a powerful enviromimetic (323), a drug that can be successfully exploited, alone or in combination with EE, to reproduce or to strengthen the positive effects elicited by the environment on brain health and plasticity. A critical permissive role for neuromodulatory transmitters on brain plasticity has been recently reported with the demonstration that Lynx1, an endogenous prototoxin which binds to the nicotinic acetylcholine receptor acting as a brake on cholinergic transmission, is upregulated after the closure of the critical period and that counteracting its action is sufficient to restore plasticity in the visual cortex of adult mice (339) .
In addition to serotonin, GABAergic inhibition, and BDNF, it is likely that other mechanisms could underlie visual function recovery in amblyopic animals exposed to enriched conditions. Another possible candidate might be IGF-I; indeed, EE is associated with a transitory increase of IGF-I in the adult visual cortex and blocking IGF-I action prevents EE effects on adult visual cortex plasticity (317) . Another mechanism through which EE enhances adult visual cortex plasticity is regulation of the brain chromatin status (146); indeed, epigenetic modifications, such as histone acetylation, have been recently implicated in the regulation of plasticity in the adult visual cortex (403, 458) . At the extracellular level, it has been shown that infusion of an enzyme (chondroitinase ABC) that degrades extracellular matrix CSPGs, enhances adult V1 plasticity and reinstates visual acuity and binocularity in the mature cortex of amblyopic rats (393, 394) . Since EE reduces the density of CSPG perineuronal nets in the visual cortex of enriched amblyopic rats (443) , these changes can be critically involved in the reopening of cortical plasticity elicited by exposure to EE.
IV. ENVIRONMENT AND PLASTICITY IN THE AGING BRAIN
Aging is a physiological condition of life, accompanied by several changes in sensory, motor, and cognitive functions. There is considerable variance in the degree of cognitive decline associated with nonpathological aging, with some individuals maintaining strikingly active and effective intellectual abilities well into and even beyond their 90s. While some of the factors associated with graceful aging seem to be linked to the genetic endowment, many others are linked to environmental factors, such as the subject's lifestyle, and could be modifiable even in middle age to promote a successful aging. We shall now review the human and animal literature on the effects and mechanisms of action of environmental stimulation on cognitive decline with age and on age-related neurodegenerative dementia. We start by surveying the available literature on the link between neural plasticity processes and cognitive aging. Then, we discuss the impact of environment on age-related dementia, with particular attention to the concept of cognitive reserve and to the role of lifestyle components as critical protective factors against dementia. Finally, we review the available literature focused on interventions based on physical exercise and cognitive activity on cognitive decline with age and dementia. Animal studies addressing the impact of EE on age-dependent neurodegeneration will be also surveyed, with a special focus on the underlying molecular and cellular factors.
A. Cognitive Aging and Neural Plasticity
The literature on age-related cognitive decline in humans shows that losses in cognitive performance are much greater for some tasks than for others (see Refs. 370, 371 for review). Decrements are typically slight in implicit memory tasks or verbal ability, while age-related losses are substantial in information processing speed and in tasks of declarative memory, particularly spatial memory and tasks requiring recollection of events and of the original context in which an event occurred. All these tasks involve the hippocampus and other medial temporal lobe structures. Also performance in inhibitory functions and in working memory tasks, relying on prefrontal cortex, declines with age; in particular, performance declines in those tasks that have high memory load and high demand on attention, which also deteriorates with age (371) . Similarly, animal models of aging show a decline in memory tasks dependent on the medial temporal lobe and prefrontal cortex (see Refs. 26, 71, 130 for review).
Several papers have investigated the alterations in medial temporal lobe and prefrontal cortex which accompany normal aging and have discussed how these age-associated alterations might contribute to the selective cognitive impairments occurring with advancing age (see, for instance, Refs. 26, 52, 71, 209, 371 for review). Many of these studies point out that age-related changes in cognition cannot be accounted for by a generalized loss of neurons; indeed, in humans (366, 367, 413, 521) , non-human primates (171, 331, 384) , and rodents (330), significant reduction of cell number in the hippocampus and neocortex is not typical of normal aging. There are, instead, age-related reductions in synaptic density and neuropil, resulting in reduction in volume of specific brain structures, but not a general decrease in the number of neurons. In the human healthy brain, Ͻ10% of neurons are lost over the range 20 -90 yr (26, 52, 71) . There are, however, notable exceptions: in aged primates, neuron number in prefrontal area 8A undergoes a 30% reduction which is evident in all layers; this reduction significantly correlates with the extent of the impairment in a working memory task. In contrast, prefrontal area 46 shows, in the same animals, conservation of neuron number; also the damage of cholinergic input differs between these two prefrontal areas (465) . We take the opportunity to underline something that might seem obvious but which is important to bear in mind. As in humans it is important to distinguish between age-related changes in the brain in subjects not affected by neurodegenerative diseases and subjects who are, the best animal models to investigate normal aging are aged animals, not transgenic animal modeling neurodegenerative diseases.
At the level of neuronal morphology, investigations on dendritic branching and density of dendritic spines show that also age-associated morphological alterations are regionspecific: aging seems to affect morphology of prefrontal cortex neurons more than that of hippocampal neurons (see Ref. 71 ). As far as neural plasticity is concerned, normal aging causes evident changes at multiple levels, both at a basic physiological level, such as for the well-documented changes in Ca 2ϩ conductance and homeostasis (89, 265) which might indirectly affect neural plasticity, and directly at the level of plasticity mechanisms related to declarative memory processes, such as hippocampal LTP. Hippocampal LTP is altered in aged animals at the level of both induction and maintenance, with maintenance most severely affected (see Ref. 71 for review). Since maintenance of LTP requires gene transcription and protein synthesis, it does not come as a surprise that these processes are altered in aged animals (see Ref. 71) . Also in humans gene expression changes have been documented in the course of normal brain aging, with gender differences (52) . Aging strongly reduces hippocampal neurogenesis across several species (see Refs. 11, 12, [229] [230] [231] . In humans, indirect evidence for reduced neurogenesis in aged subjects comes from the study of Knoth et al. (245) and by volumetric reductions in the hippocampal formation found in aged subjects (16, 463) . Diminished neurogenesis with age could be the result of CNS-derived factors and blood-borne factors extrinsic to CNS, as recently suggested by Villeda et al. (513) . A more direct evidence has been recently obtained for an age-related reduction of neurogenesis in human hippocampus (468) .
In animal models of physiological aging, age-related alterations in hippocampal LTP induction or maintenance are in good correlation with the degree of spatial memory impairment and with the stability of hippocampal place cell fields (see Ref. 71) . Recent evidence has indicated that also epigenetic mechanisms related to neural plasticity might be altered in aged mice. Peleg et al. (379) found that during contextual fear conditioning learning, aged mice exhibited a specific deregulation of histone H4 lysine 12 (H4K12) acetylation accompanied by a failure to start hippocampal gene expression pattern normally found in correspondence to memory consolidation. This was in very good correlation with behavioral data showing a deficit in long-term fear memory. Interestingly, restoration of physiological H4K12 acetylation reinstated the pattern of gene expression normally found in the hippocampus following learning and led to recovery of cognitive performance.
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B. Compensatory Plasticity in Aging
In parallel to diminished neural plasticity, there are numerous examples of what can be considered compensatory plasticity during the aging process. This shows up mostly in terms of a larger and more elaborate pattern of activation of brain areas, and in particular of the prefrontal cortex, in aged with respect to young subjects performing the same task; interestingly, this more extensive activation correlates with better performance in the elders (see Ref. 371 for a recent review). As an example, Cabeza et al. (72) studied prefrontal cortex activation during recall and source memory of recently studied words in younger adults, low-performing older adults, and high-performing older adults. They found that old subjects with a good performance showed additional activity in the left prefrontal cortex with respect to young subjects; old subjects with poor performance did not. Is this additional activity important for the better performance of old subjects? To answer this question, rTMS has been used to transiently disrupt prefrontal cortex function. In the study by Rossi et al. (430) , rTMS was applied to left or right dorsolateral prefrontal cortex of young and old subjects during the encoding phase of a recognition memory test, which is while subjects observed and memorized a series of pictures, and during the retrieval phase of the test, which is while subjects judged whether the presented pictures were new or already seen. The results indicated that accuracy of memory retrieval in young subjects was more affected when rTMS was applied to the right than to the left hemisphere during retrieval, while in old subjects accuracy of retrieval was equally affected by application of rTMS to either hemisphere; this strongly suggests that in young subjects the activity of the right dorsolateral prefrontal cortex was necessary and sufficient to obtain a good performance in the task, while in old subjects activity of both right and left dorsolateral prefrontal cortex is necessary for successful performance in the recognition memory task. Similar results to those described here for memory have been found for linguistic (532) and motor abilities (201) ; interestingly, one of the additional brain areas recruited by elders with good performance in the linguistic task is an area activated in young subjects in situations of particularly complex sentence processing, which stresses working memory demands. This additional activation, which young people use in challenging situations, would compensate for the lower activation in the core left hemisphere posterior language areas found in aged people. The result is as good a performance in elder as in young subjects. Thus the aging brain can maintain a relatively high level of performance through neural plasticity processes, optimizing goal attainment with the available resources. Park and Reuter-Lorenz (371) point out that compensatory plasticity in the form of more elaborate patterns of brain area activation is not unique to aging but that it is the brain's response to cognitive challenge; it is more likely to find a more elaborate pattern of brain area activation in aging brains even for simple tasks simply because tasks which for young brains result to have a low level of complexity bring forth significative cognitive challenge for older brains (371) . Thus enhancing neural plasticity in old age, both that underlying learning and memory and that underlying compensatory activation, might benefit cognitive performance in elders through multiple mechanisms.
C. From Normal Age-Related Cognitive Decline to Dementia
The existence of a long transition phase between normal aging and dementia which is likely to extend to presenile ages is now hypothesized. Indeed, converging evidence from the experimental and clinical literature indicates that moderate levels of cognitive impairment and the presence of subtle cerebral alterations, detectable with techniques such as structural and functional neuroimaging, precede of several years the clinical onset of the disease (113, 167-169, 226, 392) . This stage is referred to as mild cognitive impairment (MCI). MCI affects a vast number of people and is characterized by objective deficits in one single domain (e.g., memory) or multiple domains of cognition, which do not yet configure as overt dementia. These impairments are objectivated by appropriate neuropsychological tests (385) (386) (387) (388) . The rate of yearly progression to dementia of MCI subjects is much higher than in the non-MCI elderly; in particular, the amnestic subtype of MCI (aMCI) may represent a prodromal form of Alzheimer's disease (AD) (368, 387, 450) . However, a good proportion of MCI subjects not only do not develop dementia, but can also recover from the initial slight impairments that characterize them as MCI subjects (162, 220, 386, 387, 462) .
Also, in animal models of AD, deficits in synaptic density and plasticity and cognitive impairment precede the presence of characteristic anatomical hallmarks of AD, such as beta amyloid (A␤) deposits and neurofibrillary tangles (see, for instance, Refs. 112, 221, 277, 455); onset of cognitive deficits correlates well with the presence of diffuse A␤ oligomers, which are currently hypothesized to be the first pathogenic agents in AD and have been shown to impair neural plasticity and memory when administered to wildtype animals (see, for instance, Refs. 277, 284, 455) . This supports the existence of a preclinical phase in the path toward dementia in which deficits in synaptic density and plasticity are the principal alteration.
On the basis of epidemiological studies in humans, risk and protective factors for developing dementia with age have been pointed out, which include genetic factors, such as the presence of the apolipoprotein E 4 allele (APOE4) or familiarity for the disease, and lifestyle factors, such as being engaged in cognitively stimulating and social activities and practicing physical exercise, key components of an "en-riched environment" (e.g., Refs. 158, 254, 270, 316, 395) .
In agreement with studies in humans, it has been shown that physical exercise and EE result in better cognitive performance and potentiation of neural plasticity in aged animals and in animal models of neurodegenerative diseases (see Refs. 355, 356) . Thus transition to clinical manifestation of dementia seems to have a strong environmental component. Historically, the first environmentally derived protective factor described has been the "cognitive reserve."
D. The Concept of Cognitive Reserve and Its Status of Protective Factor Against Severe Cognitive Decline With Age and Dementia
The concept of cognitive reserve has been proposed to explain the discrepancy between the degree of brain damage and the extent of clinical manifestations (see Ref. 473) . It postulates that subjects with a greater cognitive reserve can tolerate a greater extent of brain damage before showing significant cognitive impairment. Cognitive reserve is an active reserve and posits enhanced complex mental activity and high cognitive functioning as protective factors against major age-related cognitive decline and dementia (see Refs.
and 473 for review).
Among the factors possibly contributing to cognitive reserve development, education, occupational attainments, and leisure activity have been shown, by epidemiological studies, to provide reserve capacity against the effects of aging and disease on brain function. This hypothesis has been supported initially by studies showing a strong variability in the relationship between the severity of brain pathology and clinical manifestations (see Refs. 159 and 473 for review). More recently, additional evidence has been provided by neuroimaging methods: functional imaging in vivo such as PET, which correlates with AD neuropathology, and is an indicator of disease severity and progression (64, 333) , has shown that for a given level of cognitive impairment, highly educated patients exhibit a stronger alteration in cerebral metabolic activity and blood flow than subjects with lower education (9) . Recently, Garibotto et al. (167) showed a significant correlation between higher education/occupation and lower cerebral metabolic activity in specific brain areas in AD patients and in aMCI subjects which later converted to AD (aMCI converters); there was, however, no correlation between education/occupation and cerebral metabolic activity in the same areas for aMCI nonconverters and healthy controls. This led the authors to suggest that "education and occupation may be proxies for brain functional reserve" and that exploitation of this reserve is already ongoing in preclinical phases of AD.
As for all brain functions, cognitive reserve is likely to have 1) a genetic component, providing individuals with a different endowment in terms of brain circuitry which might also explain the higher educational and occupational attainments; 2) a purely environmental component, that is, the EE contributing factors provided by early environment, higher education and engaging occupational and leisure activities, which might positively affect synaptic connectivity, synaptic plasticity, compensatory plasticity, and hippocampal neurogenesis, allowing better resilience/compensation for the effects of aging and pathology; and 3) an interaction between the two components (see Ref. 473) . It has to be underlined that the presence of a possible genetic component in the construct of cognitive reserve might constitute a confounding factor in that it might affect both the educational and occupational attainment and the cognitive decline, without these two factors being causally related. This is particularly important to consider since the studies providing support for the cognitive reserve hypothesis and in particular for the protective effects of education (see Ref. 498 for a recent review) are epidemiological. Another possible confounding factor could be the presence of a preclinical state in middle age, which compromises both occupational attainment and cognitive maintenance in older ages.
One of the first studies in support of the cognitive reserve hypothesis is by Katzman (227) , who has shown that subjects with high levels of education have a 5-yr delay in dementia onset. The Nun study (417, 495, 496) has adopted a different research design, revealing that the presence of elevated levels of ideation and creativity, as estimated from youth autobiographies written at entrance in the convent, correlated with maintenance of good cognitive capacities in old age: nuns well in their 80s who had an intact memory were those with the highest ideation capacity as estimated by the youth autobiographies. This was considered a combination of the effects of a rich experience, particularly school and linguistic education, and possibly of a genetic component, the latter suggested by the presence of lower neurofibrillary tangles and amyloid plaques in highidea-density than in low-idea-density nuns. It has to be said that, in a perspective of disease modification effects of EE suggested by animal studies (see below), those anatomical findings might not necessarily point to a genetic component.
Another group of studies has shown that engaging in a variety of cognitively stimulating leisure activities in middle and old age is also associated with a significant reduction of dementia incidence. Among the studies that have produced evidence in this sense, there are those of Valenzuela and Sachdev (500, 501), two studies of meta-analysis on a total of 29,000 and 47,000 individuals, respectively, which found that individuals with higher levels of education, occupation, or engagement in complex cognitive activities were at 46% lower risk for incident dementia than those with low levels. It is interesting, as Valenzuela and Sachdev point out, that for middle-and old-aged persons, being presently engaged in complex patterns of mental activity results a significant protective factor even after controlling
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for the effects of past factors (education, occupation, baseline cognition) and for cardiovascular risk factors (498) .
A very interesting study is that of Carlson et al. (77) , who examined male twins pairs who differed for dementia diagnosis or for age at dementia onset. The results show that "participation in a range of cognitively and socially engaging activities in midlife reduced risk for dementia and AD in twins discordant for onset, particularly among monozygotic twin pairs at elevated genetic risk, and might be indicative of an enriched environment" (77) . Thus cognitive reserve might be compared with the effects of an enriched environment, with components typical of childhood and youth (education), others typical of adulthood and early old age (occupational type and attainments), and others shared by all ages (cognitively stimulating leisure activities and socially engaging activities). Higher educational and occupational attainment and leisure activities seem to independently contribute to cognitive reserve (see Refs. 473, 498) . These findings have been confirmed by Yaffe et al. (537), who followed the time course of cognitive status of 2,509 well-functioning black and white elders enrolled in a prospective study for 7 years. Participants were classified as cognitive maintainers, minor decliners, or major decliners according to the slope of the curve describing cognitive score change with time. Characteristics of the cognitive reserve, such as education level, literacy, and lifestyle, emerged as significant predictors of being a maintainer versus a minor decliner. Of particular interest is the study by Paillard-Borg et al. (365) which, in a 9-yr follow-up study, showed that an active lifestyle including mental, physical, and social activities delays the onset of clinical condition in old subjects; when the three types of activities are combined to generate a single index, it emerges clearly that the broader the spectrum of participation in the activities, the later the onset of disease, in accordance with the concept of enriched environment.
Very few epidemiological studies attempted to explore, in humans, the mechanisms underlying the effects of being engaged in complex mental activity on dementia risk, and the results are not always in complete agreement. Valenzuela et al. (502) determined whether individual differences in complex mental activity over the lifespan were linked to differences in the rate of hippocampal atrophy, finding that this was the case, with higher level of complex mental activity associated with lower rate of hippocampal atrophy. They suggested that high mental activity might be exerting a neuroprotective action in medial temporal lobe and that this might explain the lower dementia incidence associated with it in epidemiological studies. In a more recent study, however, with a 14-yr followup of a large cohort of subjects aged Ͼ65 years, no evidence for hippocampal neuroprotection was found. Instead, men and women both exhibited significantly greater neuronal density, as well as correlated increases in cortical thickness in prefrontal area 9 linked to cognitive lifestyle, consistent with a compensatory process.
Landau et al. (263) assessed whether the level of cognitive (reading, writing, and playing games) and physical exercise was associated with the extent of A␤ deposition in healthy elders; A␤ burden was determined using the 11-labeled Pittsburgh Compound B and PET. The subjects were followed for 6 years. The results showed that lower A␤ burden was found in subjects more engaged in cognitively stimulating activities, particularly during early and middle life. Strikingly, when subjects were divided in percentiles with respect to the level of cognitive activity, A␤ burden in subjects within the highest tertile was comparable to that of young controls, whereas in subjects within the lowest tertile it was comparable to patients with AD. Thus there seems to be a direct correlation between cognitive activity and A␤ burden, suggesting that lifestyle factors might prevent or slow down A␤ deposition.
As already discussed, great help towards understanding mechanisms underlying the effects of experience on the human brain comes from animal models. In the case of cognitive reserve, however, it is intrinsically impossible to reproduce in animal models different levels of education or occupational attainement. Some analogies can be drawn from the effects on the aging brain of EE paradigms starting from a young or adult age (389) . Indeed, a prolonged and successful school experience and engaging in satisfactory and rewarding work activity might be considered akin to an "enriched environment," although EE contains a component of physical activity not necessarily present in subjects with a high cognitive reserve.
As an example, exposure to EE from weaning or juvenile ages to old age improves prefrontal cortex-dependent working memory and spatial memory in rats (466) . In addition, Diniz et al. (122) found improved spatial memory and increased number of astrocytes in the molecular layer of the hippocampus in mice reared in EE from weaning to old age. The beneficial effects of EE have been attributed to increased levels of BDNF, enhanced neuroplasticity, and increased hippocampal neurogenesis (311) .
EE has been found to have beneficial effects in animal models of neurodegenerative diseases, and the continuously growing literature in this field has been recently reviewed by Nithianatharajah and Hannan (435) . These studies have shown that EE can enhance cognitive performance, delay the onset of the disease and slow down its progression, acting on neural plasticity processes and on disease-related cellular and molecular factors. EE in mouse models of Huntington disease (HD) was the first demonstration of EE effects in a genetic model of brain neurodegenerative disorder (503) . Subsequently, EE and physical exercise have been shown to exert beneficial effects in models of HD, AD, and
Parkinson's disease (see Refs. 355 and 416) . We shall concentrate on early EE effects on AD models in relation to the cognitive reserve hypothesis.
Many studies have employed protocols of EE starting before the onset of cognitive deficits, thus modeling the effects of cognitive reserve in delaying the onset of clinical manifestations. There is general agreement that EE has beneficial effects on the onset of cognitive deficits in animal models of AD (see Refs. 355, 416) . There is, however, a debate on the underlying mechanisms, in particular regarding EE effects on A␤ metabolism. For instance, Lazarov et al. (273) found that a protocol of EE from 3 wk to 6 mo of age resulted in pronounced reductions in cerebral A␤ levels and amyloid deposits, compared with animals raised under "standard housing" conditions in male mice coexpressing Familial Alzheimer's Disease (FAD) mutations [human PS1⌬E9 and a harboring a human A␤ domain and mutations (K595N, M596L) linked to Swedish FAD pedigrees (APPswe)]. In addition, the activity of an A␤ degrading enzyme, neprilysin, is higher in the brains of EE mice in correspondence with lower A␤ burden. More recently, Hu et al. (213) found that EE from P21 to P90 enhanced hippocampal neurogenesis in male APPswe/PS1⌬E9 mice to levels comparable to those of wild-type animals, reduced hyperphosphorylated tau, and oligomeric A␤ levels in the hippocampus and cortex of enriched mice and significantly enhanced hippocampal LTP, without notable alterations in basal synaptic transmission. Reduction in A␤ load following exposure to running from 1.5 to 2.5 mo has been found also in male and female TgCRND8 mice (3). Berardi et al. (48) , in a mouse model for NGF deprivation induced AD-like neurodegeneration, the AD11 mice, found that EE starting from 2 mo of age, that is before the onset of behavioral deficits in AD11 mice, and ending at 7 mo of age, prevented, both in males and females, the onset of visual recognition and spatial memory deficits, reduced the presence of A␤ burden, and rescued the cholinergic deficit present in these animals. This study also addressed the long-term effects of EE exposure: a group of EE AD11 mice was left out of EE after completion of the cognitive tests up to 12 mo of age; these AD11 mice exhibited a better memory than non-EE AD11 mice of the same age, and did not differ from 12-mo-old wild-type mice.
These results point to a strong effect of early EE on A␤ processing: this could be due to alterations in A␤ catabolism and sequestration in enriched animals, as proposed by Lazarov et al. (273) , to the processing of the amyloid precursor protein, as suggested by Adlard et al. (3) , and/or to the direct effects of IGF-I, which is known to be increased in enriched animals, on A␤ metabolism and clearance (80, 170) . On the other hand, Arendash et al. (17) have shown in SweAPP aged mice that EE improves cognition but does not reduce A␤ deposition, and Jankowsky et al. (223) have shown that EE has some positive effect on spatial memory deficits in female transgenic mice expressing SweAPP and/or exon 9 deleted presenilin-1, but this is accompanied by an increase of A␤42 levels. This discrepancy on EE effects on A␤ might be due to differences in enrichment protocols, but there is also another possibility to explore, that is, possible effects of EE or running on diffuse A␤ oligomers, not investigated in the studied quoted above. For instance, Berardi et al. (48) found a lack of correlation between the presence of A␤ clusters in the hippocampus and behavioral performance in AD11-EE mice. This might be due to the presence of a critical threshold of A␤ accumulation in the hippocampus below which performance is no longer dependent on the extent of A␤ deposits; alternatively, given the recent data already mentioned before [see, for instance, Shankar et al. (455)] showing that small, soluble oligomeric forms of amyloid-␤ inhibit hippocampal LTP and impair cognitive functions prior to the appearance of amyloid plaques, it is likely that diffuse A␤ correlates best with cognitive performance, particularly in the early stages of the disease (277, 455) .
A very recent paper addressed the protective effects of early exposure to EE on the disruption of hippocampal LTP by acute infusions of A␤ oligomers (283) . A few-week exposure to EE enhanced hippocampal LTP, preventing its inhibition by A␤ soluble oligomers extracted from human AD patient cortex. Interestingly, a possible mediator of this protective EE effect was suggested to be the activation of ␤-adrenoceptor signaling.
E. Beneficial Effects of Physical Exercise on Age-Related Cognitive Decline and Dementia
In the last 12 years, it has become evident that exercise can attenuate normal age-related cognitive changes and deficits and also reduce the risk for MCI and dementia.
Among the earliest studies that have followed the epidemiological approach to investigate this relation, there are the Canadian Study of Health and Aging (270) (1), mostly employing subjective measures for the level of physical exercise and finding a positive correlation between physical exercise and maintenance of good cognitive level with age. Barnes et al. (27) employed both subjective and objective measures of cardiorespiratory fitness in a sample of 349 individuals over 55 yr of age followed for 6 yr. The results show that the positive correlation between fitness and cognitive status was higher for the objective than for the subjective measure of fitness. All these studies point out that the higher and more varied physical activity, the lower cognitive decline and dementia incidence. The estimated reduction in the risk for dementia varies from a study to another, but most studies estimate this reduction around 50%. The Podewils et al. (395) study strengthens also the SALE, BERARDI, AND MAFFEI presence of a gene ϫ environment interaction: physical activity did not result in a protective factor against the probability to develop dementia for subjects carrying the APOE4 allele as it was for the noncarriers (for a review, see Ref.
255).
More recently, the already mentioned Yaffe et al. (537) study included, among the significant predictors of being a maintainer versus a minor decliner, engaging in weekly moderate to vigorous exercise. Bugg and Head (70) found that higher levels of physical exercise benefited both the frontal and the mediotemporal lobe, resulting in reduced atrophy. In addition, Eltgen et al. (134) in a communitybased prospective cohort study in which the subjects were followed for 2 years, found that participants with moderate or high physical exercise levels at baseline had a significant reduction of cognitive impairment. Baker et al. (24) showed that in elders with glucose intolerance, a risk factor for AD, aerobic exercise improved cognition. Buchman et al. (69) assessed total daily physical activity for up to 10 days with actigraphy from 716 older individuals without dementia, characterized them and then followed these subjects for 4 years. They found that a higher level of total daily physical activity, even after taking into account other protective or risk factors, was associated with a reduced risk of AD. Woodard et al. (534) investigated the effect of self-reported physical and cognitive activity on hippocampal volume and semantic processing brain activation in 78 cognitively intact older adults followed for 18 mo, examining whether possession of the APOE4 allele could reduce the effect of physical or cognitive activity on hippocampal structure or function. The results show that cognitive activity alone or in combination with baseline hippocampal status were not predictors of the degree of cognitive decline. In contrast, physical activity reduced the risk of cognitive decline, but only in APOE4 carriers. These results are at variance with those of Podewils et al. (380) in that they suggest that increased leisure time physical activity is associated with reduced probability of cognitive decline also in APOE4 carriers. Baker et al. (23) found that physical exercise strongly modulated the negative effects of a high saturated fat/high glycemic index (HIGH) diet on A␤ levels in cerebrospinal fluid of elders; in particular, increased physical activity attenuated the effects of the HIGH diet on cerebrospinal fluid A␤.
Given the relation between A␤, neural plasticity, and cognition suggested by animal studies, these results would suggest that physical exercise could directly impinge on A␤ clearance. Animal studies confirm this and provide a mechanism of action via IGF-I. IGF-I, which is increased by physical exercise, favors clearance of A␤ from the brain, possibly enhancing the transport of A␤-carrier proteins into the brain and elevating the fraction of A␤ bound to them and transported across the blood-brain barrier into the liquor; administration of IGF-I to aged rats decreases A␤ content in the brain and increases it in the cerebrospinal fluid (79, 168, 350) .
A more detailed discussion of the possible factors underlying the effects of physical exercise on the aging brain is left to the next section, dealing with the effects of interventions based on physical and cognitive exercise both in aged humans and animals. One last consideration on the epidemiological evidence for a contribution of physical exercise to cognitive maintenance in elders is necessary. Despite the fact that most of the correlational studies found a positive relationship between physical activity and cognition in elders, it has to be noted that some have not (255, 531, 538) . At present, it is difficult to understand which factors could moderate the influence of physical activity on age-related cognitive decline: possible factors include the distinction between aerobic and nonaerobic physical activities, the use of self-report versus objectively measured levels of physical activity, the cognitive domains investigated and the tests employed, the age of participants at initial and final assessment, and a lack of assessment of genetic factors.
F. Effects of Interventions Based on Physical Exercise and Cognitive Activity on Cognitive Decline With Age and Dementia
The last few years have seen an increasing number of studies devoted to assessing the effects of cognitive activity and physical exercise on age-related decline via intervention approaches. Among the first studies which have followed this approach are those of Colcombe et al. (98) and Kramer and Erickson (254) . In these studies, relatively small (30 -40) groups of nonpathological elders underwent physical training consisting of three weekly sessions of controlled aerobic physical exercise for a period of a few months. Cognitive performance was assessed before and after the training and in some cases was correlated with cortical activation, evaluated with fMRI. The results indicate that cognitive performance was ameliorated in those subjects who performed aerobic training, in good correlation with the level of cardiovascular fitness and the pattern of brain activation (see Ref. 255) . A Cochrane comprehensive survey (13, 14) specifically reviewed the evidence that aerobic fitness is necessary for improved cognitive function: it concluded that "aerobic physical activities which improve cardiorespiratory fitness are beneficial for cognitive function in healthy older adults," but pointed out that "the data are insufficient to show that the improvements in cognitive function which could be attributed to physical exercise are due to improvements in cardiovascular fitness, although the temporal association suggests that this might be the case, and that larger studies are required."
More recently, Williamson et al. (528) reported the results of a pilot study (LIFE study) estimating the relative impact ENVIRONMENT AND BRAIN PLASTICITY of physical activity, aerobic (walking), strength, balance, and flexibility exercises on variations in cognitive status over a 1-yr period in elders. Sedentary persons (n ϭ 102) of 70 -89 yr of age were randomized to an intervention group of moderate-intensity physical activity or to a group undergoing health education. Group differences did not reach significance, but improvements in cognitive scores were associated with improvements in physical function.
Erickson et al. (131) showed, in a randomized controlled trial in older adults, that aerobic exercise training leads to improvements in spatial memory and is accompanied by a 2% increase in anterior hippocampal volume, which reverses age-related volume loss. Caudate nucleus and thalamus volumes were unaffected by the intervention, showing that exercise effects are structure specific. They also demonstrated that increased hippocampal volume is associated with greater serum levels of BDNF. As we have seen, BDNF is a mediator of neurogenesis in the hippocampal dentate gyrus in response to physical exercise and EE (103, 429) . Thus these two randomized control trials of aerobic exercise in nondemented seniors were associated with increased cortical volume (432) . It has to be underlined that in a long-term (9 yr) study, the average weekly physical activity (walking) reported by healthy adults at baseline was positively associated with neocortical and hippocampal volumes (see Ref. 4) . We may conclude that voluntary physical exercise contributes to build a cognitive reserve even when undertaken in middle and old age.
The literature on the effectiveness of cognitive intervention on cognitive aging was reviewed in 2009 by Valenzuela and Sachdev (498) , who found only seven studies qualifying as randomized control trials. A strong effect size was observed for cognitive exercise interventions compared with waitand-see control conditions. Randomized control trials with follow-up greater than 2 yr did not appear to produce lower effect size estimates than those with less extended followup. The conclusion was that, despite the quality of reporting of trials being in general low, cognitive exercise training in healthy older individuals produced strong and persistent protective effects on longitudinal neuropsychological performance.
One notable more recent study on cognitive training, though not performed specifically in aged subjects, is that by Owen et al. (363) , which put to the test the effects of computerized brain trainers. The central question of the paper was whether the effects of training on specific cognitive tests could transfer to other untrained tasks or lead to a general improvement in cognitive status. The results indicate that training did improve performance in every cognitive task in which subjects practiced, but "no evidence was found for transfer effects to untrained tasks, even when those tasks were cognitively closely related." This underlines the importance of the concept of enriched environment as the driver of enhancement of neural plasticity and cognitive processes. In particular, it emphasizes the unique nature of EE as a "multidomain training" not restricted to a single modality, process, or function.
Very recently, studies are being performed on the effects of training, cognitive or physical, on MCI or AD subjects. Lautenschlager et al. (271) , in a study on adults over 50 with subjective memory impairment, found that 6 mo of physical activity resulted in a modest improvement in cognition assessed in a followup 18 mo after the end of the intervention. Baker et al. (24) investigated the effects of a 6 mo program of aerobic exercise in 33 adults (17 women) with a MCI ranging in age from 55 to 85 yr. They found gender-specific effects on cognition, with older women benefiting on a larger number of executive function tests than men, which had a limited benefit.
In addition, physical exercise interventions have been shown to modulate the effects of diet on A␤ cerebrospinal fluid levels in MCI subjects. A healthy diet produced the strongest effects on A␤ when paired with physical exercise (23) . Exercise and diet may thus interact in modifying the risk of AD. This underlines the possibility that factors such as physical exercise, cognitive activity, and other lifestyle factors might be additive in reducing the risk of severe cognitive decline and dementia, as suggested also by PaillardBorg et al. (365) .
All this evidence makes a strong rationale towards the effectiveness of the combination of physical and cognitive training in interventions attempting to ameliorate the cognitive status and to counteract disease progession in subjects in the preclinical stage of dementia. A randomized trial on the effects of a combined physical and cognitive training on cognitive decline, brain volume, and cerebral function in MCI subjects is underway in Italy, with the joint cooperation of two Institutes of the National Research Council (IN-CNR and IFC-CNR, Pisa) and under the coordination of Lamberto Maffei and Eugenio Picano.
Animal studies employing the EE paradigm are particularly suitable to investigate the mechanisms underlying the effects of interventions of physical exercise and complex mental activity in aged humans (see Refs. 229, 255, 356) . As EE starting from young or adult ages can be used as a model for the protective effects of cognitive reserve, EE starting in elderly animals can be used as a model for interventions based on physical and cognitive training in aged humans.
Most of the studies have been conducted in aged rodents, but EE has been found to provide cognitive benefits also in other aged mammals (332, 355, 399, 416, 499) . Positive effects of EE on cognitive processes have been found both for hippocampal-dependent and -independent learning and memory (47) . These beneficial effects have been related to SALE, BERARDI, AND MAFFEI EE action on neurogenesis, neurotrophic factors (BDNF), IGF-I, synaptic plasticity, and neurotransmitter systems discussed in the previous sections (see Refs. 261, 356, 360, 437, 498) .
Some of the mechanisms of action of EE on age-related decline in plasticity are directed to cellular factors specifically altered by aging, such as Ca 2ϩ -dependent conductance. As previously outlined, a consistent finding across several species is that aged animals exhibit an increase in the Ca 2ϩ -dependent, K ϩ -mediated afterhyperpolarization (AHP), which might contribute to plasticity deficits. Kumar and Foster (260) tested the hypothesis that EE might reduce the amplitude of AHP in aged rats, obtaining positive results, consistent with the idea that EE can ameliorate senescent hippocampal physiology. Also, neurogenesis in aged hippocampus (453) and cortical vascularization (405) , possibly linked to EE effects on VGF, are increased by EE.
Recently, an example of the beneficial effects of EE on aged brain plasticity has been provided: the effects of a short (three weeks) exposure to EE in aged (22-23 mo of age) rats were tested in a model of visual cortical plasticity (447) . The results showed that this brief period of EE was sufficient to reactivate ocular dominance plasticity, with no difference with the reactivation found in adult rats (32) . As in adult rats, a marked reduction in intracortical GABAergic inhibition and a remodeling of extracellular matrix accompanied this effect, suggesting that the same plasticity mechanisms were at work in mediating EE effects in adult and aged rats (447) . Whether EE is also able to reverse the modifications induced by aging on the epigenetic mechanism underlying neural plasticity (379), as found for those constraining cognitive capacities in the neurodegenerating brain (179), is not known.
A particularly striking effect of EE and physical activity in aged animals is that on the levels of hippocampal neurogenesis (recently reviewed in Ref. 229) . As outlined in the Introduction and in Chapter III, there is general agreement that hippocampal neurogenesis is central to the functionality of the hippocampus and in particular new neurons would be crucial for dentate gyrus contribution to pattern separation (348), a critical mechanism for reducing potential interference among similar memory representations. In parallel to the well-known decrease of neurogenesis in aged animals, it is beginning to emerge that old animals exhibit a less efficient pattern separation, particularly in the spatial domain. This decreased efficiency in spatial pattern separation may be a critical processing deficit that could be a contributing factor to spatial memory deficits and episodic memory impairment associated with aging [for a recent review, see Holden and Gilbert (209) ]. Kempermann et al. (230) found that, given the extremely low baseline level of aged rats, the relative increase due to EE was even larger than in younger animals, although the overall absolute activity-induced proliferation of precursor cells remained lower than in young animals. The increase in neurogenesis due to environmental factors could contribute both to reduce the age-related decline in hippocampal volume, particularly evident in the dentate gyrus (463) , and to improve dentate gyrus function in pattern separation. Of particular interest, also in relation to intervention in humans, is the finding that the effects of exercise and EE on adult neurogenesis seem to be additive (135) : sequentially combining the effects of physical activity on precursor cell proliferation with the survival promoting effects of EE resulted in a much greater effect with respect to that caused by EE or exercise alone.
It must be underlined that there is a great variability in the literature both in the age of onset and in duration of EE exposure. A sort of dose-dependent effect of EE on spatial memory in aged rats was found by Bennett et al. (47) : aged animals continuously living in an enriched environment performed better than animals exposed to 3 h/day of enrichment during the same period. Exposure in adulthood seems sufficient for EE to positively affect cognitive decline in old age (see Ref. 389 ). Kobayashi et al. (247) found that short-term (3 mo) or long-term (24 mo) EE had beneficial effects both in 11-and 22-mo-old rats and observed that in the more aged rats the effects of the longer EE period were more pronounced. However, Freret et al. (161) found in female Naval Medical Research Institute (NMRI) mice that EE had to be initiated before the age of 17 mo (median lifespan, i.e., the age corresponding to the survival of 50% of the population in this strain) to improve spatial learning and reverse the age-related impairment of basal glutamatergic neurotransmission in CA1 hippocampal slices. Qiu et al. (404) exposed 14-mo-old (middle-aged) female and male rats to EE for 4 mo. Female rats housed in EE showed improved performance in the Morris water maze. The total length and total volume of the myelinated fibers in the hippocampus of female and male enriched rats were significantly increased, respectively, compared with female and male control rats. Thus 4 mo of EE from middle age was sufficient to increase myelinated fiber volume and, in a gender-dependent way, spatial memory. In addition, it has been reported (261) that aged (20 -22 mo) male rats assigned to EE for 10 -12 wk showed enhanced spatial discrimination learning and memory consolidation compared with controls. Examination of senescent hippocampal physiology revealed that EE reversed agerelated changes in LTD and LTP. Rats in EE exhibited an increase in cell excitability compared with the other two groups of aged animals.
The positive effects of EE starting in old age on cognitive performance and brain pathology have also been assessed ENVIRONMENT AND BRAIN PLASTICITY in models of neurodegenerative diseases and have been reviewed by Nithianantharajah and Hannan (355) , evidencing how even a late starting EE can be beneficial. Unpublished work from our laboratory goes in this direction, showing that exposure to EE after cognitive deficits are already evident determines a complete rescue in AD11 mice, despite the fact that preexisting A␤ pathology was not removed. BDNF could be among the possible factors mediating this rescue effect. It has been shown that a reduction in BDNF levels is present early in the progression of AD (381, 391) . A␤ is likely to contribute to a reduction in BDNF signaling (380) . Invasive BDNF administration has been recently used in animal models of AD with very good results on memory deficits and synaptic density (61, 346) , and work from our laboratory provides evidence for beneficial effects of noninvasive administration (Berardi et al. FENS Abstr 4: 217.3, 2008) . Given the known effects of EE and physical exercise on BDNF (103, 437) , this neurotrophin could be one of the mediators of EE effects in AD models. Interestingly, BDNF could act on the production and/or clearance of A␤, but it is by now clear that neurotrophins can improve learning and memory in AD models in an A␤-independent manner (61, 346) likely acting on synaptic plasticity or, possibly, on neurogenesis (82, 199) .
A particularly striking work on EE effects in mice models of neurodegenerative pathologies is that by Fischer et al. (146) , who examined the beneficial effects of EE in a mouse model of aggressive and extensive neurodegeneration, the p25 transgenic mouse, which allows temporally and spatially restricted induction of neuronal loss. The p25 protein has been implicated in various neurodegenerative diseases, including AD (105) . The authors had previously demonstrated that, upon induction of the p25 transgene in adult mice, neurodegeneration is triggered, and animals also display both learning and memory impairments (145) . Six weeks after switching the transgene on, mice are not only unable to form new memories but they are also unable to retrieve memories acquired before the transgene was switched on. The authors have used this model system to assess whether EE has beneficial effects in this transgenic animal model (146) . Six weeks after induction of p25, when anatomical and functional deficits are well established, the authors transferred the animals into an EE for 4 wk. Surprisingly, the authors found that this rescued the mice's ability to form new memories (i.e., the mice learned a new fear conditioning and a new spatial task) and also allowed to reestablish access to remote memories learned prior to brain degeneration, despite the fact that the neuronal loss did not recover. It is important to note that the newly formed memories were hippocampus dependent, while remembering the remote memories likely involved accessing neocortical networks, as the mnemonic traces would have been progressively "transferred" from the hippocampus to the neocortex over time. Indeed, while recall of recent memories activates the hippocampus and hippocampal lesions impair this recall, remote memory retrieval is impaired by cortical lesions, and their recall activates cortical areas (157) . The fact that EE restores both new learning and access to remote memories suggests that the effects of EE are probably widespread within hippocampal and cortical areas.
The authors demonstrated that synaptic-related proteins were increased in EE mice, indicating the presence of new dendritic branching and activation of synaptogenesis. This increase was seen in both the hippocampus and the cortex, strengthening the idea that the behavioral effects they reported might be related to these anatomical changes. Prior studies had also shown an effect of EE on neural connectivity, and these results had been taken as an indication that synaptic plasticity was induced. But the authors also went a step further. They first demonstrated that EE increased histone acetylation in the hippocampus and, to a lesser extent, in the cortex of wild-type mice. The effects of EE on wildtype mice suggested that the effects of EE in the p25 transgenic mice might be mediated, at least in part, by histone acetylation. Indeed, the authors also found that promoting histone acetylation by means of administration of histone deacetylation inhibitors to these mice also promoted synaptogenesis and recovery from learning and memory deficits, similar to that seen with exposure to EE, again without affecting the degree of neurodegeneration.
More recently, Graff et al. (179) showed that cognitive capacities in the neurodegenerating brain are constrained by an epigenetic blockade of gene transcription that is potentially reversible. Over the past decade, several studies have reported sporadic cases of reduced histone acetylation in animal models of neurodegeneration that are characterized by cognitive decline, including models of AD (see Ref. 178) . Graff et al. (179) investigated whether HDAC2 mediates cognitive deficits associated with neurodegeneration, in CK-p25 mice, the same mice used in the Fischer et al. (146) . They found that HDAC2 was significantly increased in neuronal nuclei in hippocampal area CA1 in CK-p25 mice compared with control littermates. Moreover, histone acetylation and expression of genes important for learning and memory were reduced by HDAC2. Counteracting the increase in HDAC2 "unlocks the repression of these genes, reinstates structural and synaptic plasticity, and abolishes neurodegeneration-associated memory impairments" (179) .
Some studies have also modeled in animals interventions based only on physical exercise. Spatial learning is enhanced in old mice following voluntary wheel running or treadmill exercise (356; for review, see for instance Refs. 35, 261, 311, 359, 404, 509) . Particularly interesting are the papers investigating the effects of exercise initiated in SALE, BERARDI, AND MAFFEI already aged animals. In Marlatt et al. (311), 9-mo-old C57 female mice were provided with a running wheel or left in standard environment; they were injected with bromodeoxyuridine to label newborn cells. The results show that after 6 mo of running, females had better retention of spatial memory, elevated neurogenesis, and higher mature BDNF peptide levels in the hippocampus. O'Callaghan et al. (359) assessed the effects of 8 mo of treadmill exercise, begun in middle age, on hippocampal LTP and on spatial learning in rats. They found that the exercised group exhibited less age-related decline in LTP and in spatial learning and more NGF and BDNF mRNA in dentate gyrus. Barrientos et al. (35) built on their previous findings that a severe bacterial infection compromises the cognitive status of aged rats more than in younger adult rats. They concluded that the infection produces a neuroinflammatory response and that this response is amplified in the aged brain, possibly due to sensitized microglia in aging, even normal aging. In the 2012 study, Barrientos et al. (35) examined voluntary exercise in very old (24 mo old) rats as a neuroprotective therapeutic in their bacterial infection model. The authors point out that "although aged rats ran only an average of 0.7 km per week, this small amount of exercise was sufficient to completely reverse infection-induced impairments in hippocampus-dependent long-term memory compared with sedentary animals." Interestingly, exercise prevented also the amplified neuroinflammatory response and the reduction in BDNF mRNA observed in the hippocampus of sedentary rats and strongly reduced age-associated microglial sensitization. Finally, Kumar et al. (261) studied the effects of 10 -12 wk of exercise condition on aged (20 -22 mo) male rats. They found that recognition memory was enhanced in exercised compared with sedentary rats. Exercise reversed age-related changes in hippocampal LTD and LTP, rescuing hippocampal synaptic plasticity. Siette et al. (457) found a highly selective age-related deficit in place recognition memory that is stable across retest sessions and correlates strongly with loss of hippocampal synapses. Twelve weeks of voluntary running at 20 mo of age completely rescued the deficit. In addition, voluntary running restored presynaptic density in the dentate gyrus and CA3 hippocampal subregions in aged rats to levels even beyond those observed in younger animals, in which exercise had no functional or synaptic effects. In contrast, hippocampal neurogenesis increased in both young and aged rats after physical exercise but was not linked with performance in the place recognition task. Analysis based on synaptic covariance patterns to characterize efficient intrahippocampal connectivity revealed that voluntary running completely reverses the profound degradation of hippocampal network efficiency that accompanies sedentary aging. Furthermore, at an individual animal level, both overall hippocampal presynaptic density and subregional connectivity independently contribute to prediction of successful place recognition memory performance. Thus exercise is effective in improving hippocampal synaptic plasticity, hippocampal response to inflammation, hippocampal neurogenesis, and hippocampus-dependent learning not only when initiated in adulthood but also when initiated in middle and even in elderly age. BDNF, which is decreased in the aging hippocampus and is strongly affected by exercise (3, 104) and IGF-I (81), seems central to the exercise effects.
Very similar conclusions can be drawn form the literature on physical exercise effects in aged, already symptomatic, AD animal models. Nichol et al. (353) tested the effect of voluntary wheel-running on memory and hippocampal plasticity in APOE epsilon3 and APOE epsilon4 transgenic mice at 10 -12 mo of age. They found that sedentary epsilon4 mice exhibited deficits in spatial memory; 6 wk of wheel-running in epsilon4 mice resulted in improvements of spatial memory to the level of epsilon3 mice. Hippocampal BDNF levels were similar in epsilon3 and epsilon4 mice and, after exercise, the same was true for BDNF. In sedentary epsilon4 mice, hippocampal BDNF TrkB receptors were halved with respect to epsilon3 mice; this difference was abolished by exercise. Parachicova et al. (369) found that running improved cognitive performance of aged Tg2576 mice, a model carrying a human FAD mutation in APP gene, and reduced proinflammatory markers. Garcia-Mesa et al. (166) investigated the effects of running on male and female 3xTg-AD mice at an early pathological stage (4 mo old) or a moderate pathological stage (7 mo old). Cognitive deficits were present in the 3xTg-AD mice along with alteration in synaptic function and LTP impairment in vivo and AD pathology and oxidative-related changes. Exercise treatment ameliorated cognitive deterioration, synaptic changes were partially reduced by exercise, and oxidative stress was diminished.
In conclusion, EE effects on animal models of physiological aging and/or progressive neurodegeneration strongly rely on an enhancement of neural plasticity, since a complete cognitive rescue is frequently achieved with no evidence for a complete rescue of the already existing pathology. In AD models, an action on soluble forms of A␤ must also be taken into account and investigated. Cumulatively, these results show that the factors regulated by EE in ameliorating disease progression in AD models impact AD pathology but are also, more in general, neuroprotective and promote neural plasticity, suggesting that an aged brain, or even a diseased brain, may have potentialities for repair in response to environmental stimulation that we have not yet explored. It has to be underlined that the EE effects in AD models could also be linked to modification of peripheral physiology, which in its turn impact on brain function and plasticity. As an example, EE starting in adulthood modifies immunopro-files in spleen and thymus (19) . Peripheral, blood-borne factors, in addition to IGF-I, could therefore contribute not only to regulate hippocampal neurogenesis and cognitive functions (see Ref. 513 ) but also to EE and exercise effects on aging and age-related neurodegenerative disease.
V. CONCLUDING REMARKS
One first general remark is on the nature of the EE approach and on its uniqueness and potentialities in the study of brain plasticity. The work reviewed in this paper has shown that EE, a totally noninvasive procedure, has powerful effects on brain plasticity, evident in developing, adult, and even aging brain, under both physiological and pathological conditions. In contrast to other classic experimental paradigms based on deprivation methodologies (e.g., monocular deprivation, whisker removal), EE results in substantial increments in the quality and intensity of experience-dependent stimulation of brain circuits in different modalities. Thus studies on EE ask the brain questions on its neural plasticity processes avoiding the use of experimental pathology and nociceptive stimuli and, therefore, provide to researchers data particularly useful for designing studies aimed at favoring functional abilitation/rehabilitation through optimization of the environmental context.
As discussed in section I, EE is not simply a way of restoring "natural" levels of stimulation in otherwise deprived laboratory animals; indeed, enriching the environment in terms of physical exercise or cognitive and social stimulation has a dramatic impact also on humans. One feature that clearly emerges from the literature reviewed is that different protocols of EE have been used in terms of animal gender, age at EE onset, EE duration, and setting. Despite this source of variance, the general beneficial impact of EE on specific functional domains is not challenged by the results obtained in different laboratories. However, an effort towards the clarification of the effects of systematically varying specific features of EE protocol such as those listed above would undoubtedly facilitate the exchange of results and accelerate the understanding of EE mechanisms of action.
A second necessary remark is on the EE capacity to positively impact on the developing brain, interacting with developmental programs and with the occurrence of critical periods for experience-dependent plasticity. Besides the conceptual significance of this outstanding effect for a basic knowledge of the gene-environment interplay, the possibility to modulate key processes underlying the construction of personality has tremendous consequences in fields like early childhood education. Opposite to the severe and often pathological deficits caused by harsh conditions such as those deriving from living in orphanages characterized by very little attention from caregivers, improving the quality of the external environment in terms of richer opportunities for parental, social, motor, and cognitive stimulation can help the brain to fully wield its potential, with enduring traces in essential domains such as IQ, social disposition, and coping with stress and life challenges. A child's environment is the gymnasium of the future good citizen.
A third consideration is devoted to the profound impact of lifestyle on physiological and pathological aging processes. This has huge economical consequences for the society. In 2012, the direct costs of caring for patients with Alzheimer's disease or other dementias to American society has been estimated in $200 billion, with a projected $1.1 trillion (in today's dollars) by 2050. With the enduring and frustrating absence of efficacious pharmacological compounds capable to arrest the deterioration of cognitive abilities with aging or the progression of dementia in AD, an active life remains one of the very few accepted prescriptions of medicine for a substantial improvement of brain functions in the elderly.
Finally, we would like to emphasize that the great success of the EE approach should not be hailed as a miracle, as it stands on its ability to impact at multiple molecular substrate levels in the brain, including stimulation of maturational processes by enhanced activation of growth factors, reopening of plasticity windows through reduced intracortical inhibition and upregulation of plastic structural and functional changes by neurotrophin increments, which could in turn promote the expression of genes specifically involved in brain plasticity. A few molecular pathways stand out as particularly important mediators of the EE effects on brain plasticity throughout the lifetime, namely, BDNF, IGF-I, GABA, and serotonin; a summary of the effects and mediators of EE is shown in FIGURE 3.
Application of paradigms akin to EE can open the way for a new era of endogenous pharmacotherapy, whereby stimulation of key molecular pathways involved in neural plasticity is not necessarily obtained by external administration of active substances, but using the potential of noninvasive strategies of environmental stimulation to enhance the spontaneous reparative potential held by the brain. We strongly believe this paradigm might lead to a new approach to therapy, possibly highly successful for the treatment of several neurological diseases.
VI. CHALLENGES AND OPEN QUESTIONS
Admittedly, more than 50 years of research in the EE field has raised a fair number of questions. Here we provide a tentative list, based on personal, nonexhaustive choices made by the authors.
While the beneficial effects of tactile stimulation in newborns and of physical exercise from youth to elderly are well established, very little is known on the specific role exerted SALE, BERARDI, AND MAFFEI by cognitive stimulation interventions, both in animal models and in humans. To what extent can engaging in challenging mental activities contribute to the entire EE experience effects?
What are the effects of EE on neural systems that regulate the arousal state? Is the average amount and structure of sleep modified by living in stimulating environmental conditions?
What is the relationship between exposure to EE and control of feeding behavior? To what extent do the beneficial EE effects depend on a regulation of fine metabolic processes?
Recent research has shown that blood-brain barriers located at brain vessels and choroids plexuses and regulating passage of blood components into the brain parenchyma and cerebrospinal fluid are not impermeable for serum proteins, but can instead exhibit localized transport of circulating hormones and growth factors through neuronal activitydependent processes. Which is the impact of environment in this essential pathway for regulation of brain physiology? Can EE be used as a way to temporarily modify blood-brain barrier selectivity to facilitate entrance of key pharmacologically active compounds?
A very challenging question is related to the molecular mechanisms underlying the beneficial effects elicited, on • CREB
• Histone acetylation
• Synaptic receptors (e.g., NMDA)
• Neuronal adhesion molecules
• Neurotransmitter release (e.g., serotonin)
• DNA methylation
• Inhibition/Excitation
• Extracellular matrix components
• β-amyloid
Mediators Effects
Enhanced brain plasticity Faster brain development Brain repair
Phenotypic rescue ot intellectual disability
Improved aging brain health
Up-regulation Down-regulation FIGURE 3. Endogenous pharmacotherapy by means of EE paradigms. In parallel with exogenous pharmacologically active substances, exposure to enriched living conditions can be successfully used to enhance neural plasticity and functional compensation, promoting brain development, learning, and memory functions and facilitating brain repair processes. These effects are elicited by a number of well-established key molecular factors, acting at the single neuron and neural network level. We have divided the factors through which EE enhances brain plasticity into those that are upregulated and those that are downregulated. For simplicity, we have not listed actions of EE on factors whose involvement in brain plasticity is still under investigation (e.g., neuroinflammation or angiogenesis).
cerebral plasticity, by exposure to enriched environmental conditions. Which factors are more amenable of being artificially manipulated to mimic or to strengthen the impact of EE?
